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1 INTRODUCTION 
1.1 Problem Statement 
Breakaway couplings are commonly used to mitigate the severity of impacts between 
errant vehicles and luminaire or support poles placed at the edge of the roadway. However, 
existing breakaway couplings also have several disadvantages. All existing breakaway couplings 
are proprietary in nature and have some State Highway Agencies referring to them as 
prohibitively expensive. For example, the new breakaway coupling offered by Transpo 
Industries, Inc., which consists of a double hourglass-shaped coupling made from a brittle steel, 
costs between $50 to $75 per coupling. Because four couplings are often used per pole system, 
the cost for the set of couplings can range between $200 and $300, which may approach the 
installation cost for a typical light pole. 
Moreover, existing steel couplings do not have consistent energy absorption as a function 
of temperature due to the effect of the steel’s ductile-to-brittle transition temperature. The 
ductile-to-brittle transition temperature for common steel is approximately 40°F (4.4°C). Finally, 
many existing steel couplings are galvanized. Once the zinc has been depleted, the coupling will 
begin to corrode, which can potentially change the severity of the notch and alter its fatigue 
strength. Thus, there existed a need to develop a new breakaway coupling that reduced costs and 
eliminated the disadvantages of existing steel, breakaway couplings. Therefore, the Illinois 
Department of Transportation (ILDOT) developed a free-cutting, brass breakaway coupling for 
use on luminaire or support poles. 
Modern safety performance standards for breakaway support structure systems are 
contained in two documents: (1) the National Cooperative Highway Research Program 
(NCHRP) Report No. 350, Recommended Procedures for the Safety Performance Evaluation of 
Highway Features [1] and (2) the American Association of State Highway and Transportation 
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Officials (AASHTO) Standard Specifications for Structural Supports for Highway Signs, 
Luminaires, and Traffic Signals, Fifth Edition [2]. These two documents detail a matrix that 
includes two full-scale tests with a small passenger vehicle. However, the Federal Highway 
Administration (FHWA) has approved the use of the Valmont-MwRSF/UNL crushable nose 
pendulum as a surrogate vehicle for analyzing breakaway devices [3]. Therefore, the Midwest 
States Pooled Fund Program desired to use the Valmont-MwRSF/UNL pendulum to evaluate the 
safety performance of the free-cutting, brass breakaway couplings. 
1.2 Research Objective 
The objective of this research study was to evaluate the safety performance of the brass 
breakaway couplings when utilized with steel and aluminum luminaire poles. The systems were 
tested with the Valmont-MwRSF/UNL pendulum and evaluated according to the Test Level 3 
(TL-3) criteria established in NCHRP Report No. 350 as well as to the standards described in the 
AASHTO Standard Specifications for Structural Supports for Highway Signs, Luminaires, and 
Traffic Signals, Fifth Edition. 
1.3 Scope 
The first step in performing these tests was selecting luminaire poles which would 
represent the most critical configurations for small car impacts. Next, a series of low-speed, 
pendulum impact tests were conducted in accordance with NCHRP Report No. 350 test 
designation no. 3-60. The low-speed results were then used to estimate the results for the high-
speed impact test, or test designation no. 3-61, using an analytical method recognized by FHWA 
[4-5]. This analytical method was further used to analyze the safety compliance of various 
luminaire pole configurations and sizes. Finally, recommendations were made regarding the use 
of the brass breakaway couplings. 
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2 CRUSHABLE NOSE PENDULUM DETAILS 
2.1 Pendulum System Details 
The Valmont-MwRSF/UNL pendulum that was utilized for this study consisted of three 
main components: (1) the support structure; (2) the pendulum; and (3) the crushable nose 
assembly. Each of these components is discussed briefly in the following sections. Detailed 
drawings and photographs of the pendulum system are shown in Figures 1 through 11. 
2.1.1 Support Structure 
The support structure consisted of two 60-ft (18.3-m) tall steel poles spaced 40 ft (12.2 
m) apart laterally, as shown in Figure 1. The two support poles were connected at the top by a 
catwalk assembly and cross bracing. Four cables were attached to the support structure at a 
height of 42 ft – 11 in. (13.1 m) which supported the pendulum mass.  
The rear lift structure was comprised of two additional steel poles. These poles had a 
height of 52 ft – 9 in. (16.1 m) and were spaced 6 ft (1.8 m) apart laterally. A winch was located 
at the base of these poles, and the winch cable extended up to a pulley attached to the top of the 
rear lift structure and continued to the back of the pendulum. This winch and pulley system was 
used to raise the pendulum mass to the desired elevation. The cable was released remotely to 
conduct the impact testing. Further details can be found in Reference 3. 
2.1.2 Pendulum Assembly 
The pendulum body consisted of a welded, steel plate box frame, as shown in Figures 2 
through 4. Two longitudinal steel tubes were mounted through the box frame to act as guides for 
the crushable nose. A second set of four steel tubes were installed laterally through the pendulum 
box frame for installing through-bolts for use in attaching ballast plates to the pendulum body. 
The inside of the box frame was filled with concrete in order to strengthen the frame and add the 
necessary mass. 
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The pendulum body was supported by four ½-in. (13-mm) diameter, 6x25 XIP IWRC 
wire ropes. These wire ropes were attached to the support structure at a height of 42 ft – 11 in. 
(13.1 m) and adjusted to set the impact height of the pendulum at 17½ in. (445 mm) above the 
ground line. The wire ropes were configured to support the pendulum and keep the body level 
during the pendulum swing. 
Note that the pendulum detailed in the drawings contained herein was not configured 
with a sweeper plate, as shown on other pendulums used at the Federal Outdoor Impact 
Laboratory (FOIL) and the Texas Transportation Institute (TTI) [6-8]. The purpose of the 
sweeper plate, as stated in previous reports, was to act as a sacrificial element that grossly 
replicated the undercarriage of an automobile. It was not believed that the sweeper plate was 
necessary for the testing detailed in this report. Thus, it was not utilized during the first two 
rounds of testing. However, the sweeper plate was added to the undercarriage of the pendulum 
prior to the third round of pendulum testing as it was deemed necessary for a different testing 
project.  
2.1.3 Crushable Nose 
The crushable nose was mounted on the front of the pendulum mass. It was based on the 
crushable nose developed and tested on the FOIL pendulum [6-7]. The aluminum nose tubes 
were attached to the aluminum impact head and slide into the guide tubes on the body of the 
pendulum. The crushable nose contained ten energy-absorbing aluminum honeycomb elements 
with various geometries and stiffness separated by a series of sliding, fiberglass plates. The 
aluminum honeycomb was pre-crushed in order to produce consistent force levels. Details of the 
crushable nose assembly and the aluminum honeycomb configuration are shown in Figures 5 
through 10. Details for each of the ten aluminum honeycomb elements are shown in Table 1. The 
certificates of conformance for the aluminum honeycomb are shown in Appendix A. 
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2.2 Pendulum Weight 
The Valmont-MwRSF/UNL crushable nose pendulum and all of its components were 
weighed and recorded prior to testing. The total weight of the pendulum for each test, including 
the crushable nose, aluminum honeycomb, and accelerometers, is shown in Table 2. 
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Figure 1. Pendulum Support Structure Details 
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Figure 2. Pendulum and Crushable Nose Assembly 
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Figure 3. Pendulum Details 
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Figure 4. Pendulum Details 
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Figure 5. Crushable Nose Assembly 
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Figure 6. Crushable Nose Details 
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Figure 7. Crushable Nose Details 
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Figure 8. Crushable Nose, Aluminum Honeycomb Details 
  
14 
D
ecem
ber 22, 2010  
M
w
R
SF R
eport N
o. TR
P-03-248-10
 
Figure 9. Crushable Nose, Aluminum Honeycomb Details 
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Figure 10. Crushable Nose, Fiberglass Spacer Details
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Figure 11. Crushable-Nose Pendulum Facility 
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Table 1. Aluminum Honeycomb Details 
Cartridge 
No. 
Manufacturer 
(Part No.) 
Density 
(pcf) 
Original 
Dimensions 
(in.) 
(l x w x d) 
Pre-Crush 
Depth 
(in.) 
Crush 
Strength 
(psi) 
Wall 
Thickness 
(in.) 
Cell Size
(in.) 
Punch 
Size 
(in.2) 
1 
Plascore 
(PAMG-XR1-3.1 3/16 .001N 
5052) 
3.1 2.75 x 16 x 3.25 3 130 0.001 0.1875 -- 
2 Plascore (PCGA-XR1-1.4 1/0 N 3003) 1.4 4 x 5 x 2 2 25 - 1.00 - 
3 
Plascore 
(PAMG-XR1-3.1 3/16 .001N 
5052) 
3.1 8 x 8 x 3.25 3 130 0.001 0.1875 21 
4 
Plascore 
(PAMG-XR1-4.3 1/4 .002N 
5052) 
4.3 8 x 8 x 3.25  3 230 0.002 0.25 15 
5 
Plascore 
(PAMG-XR1-4.3 1/4 .002N 
5052) 
4.3 8 x 8 x 3.25  3 230 0.002 0.25 6 
6 
Plascore 
(PAMG-XR1-4.3 1/4 .002N 
5052) 
4.3 8 x 8 x 3.25 3 230 0.002 0.25 - 
7 
Plascore 
(PAMG_XR1-5.7 3/16 .002N 
5052) 
5.7 8 x 8 x 3.25 3 400 0.002 0.1875 21 
8 
Plascore 
(PAMG_XR1-5.7 3/16 .002N 
5052) 
5.7 8 x 8 x 3.25 3 400 0.002 0.1875 12 
9 
Plascore 
(PAMG_XR1-5.7 3/16 .002N 
5052) 
5.7 8 x 8 x 3.25 3 400 0.002 0.1875 - 
10 
Plascore 
(PAMG_XR1-5.7 3/16 .002N 
5052) 
5.7 8 x 10 x 3.25 3 400 0.002 0.1875 - 
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Table 2. Pendulum Assembly Weight by Round and Test 
ROUND 
NO. 
TEST 
NO. 
WEIGHT 
lb 
(kg) 
1 
BBC-1 1,878 (852) 
BBC-2 1,878 (852) 
2 
BBC-3 1,849 (839) 
BBC-4 1,849 (839) 
BBC-5 1,849 (839) 
3 
BBC-6 1,882 (854) 
BBC-7 1,882 (854) 
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3 TEST REQUIREMENTS AND EVALUATION CRITERIA 
3.1 Test Requirements 
Support structures must satisfy the safety criteria provided in both NCHRP Report No. 
350 [1] and AASHTO’s Standard Specifications for Structural Supports for Highway Signs, 
Luminaires, and Traffic Signals, Fifth Edition [2] in order to be accepted by FHWA for use on 
new construction projects located on the National Highway System (NHS) or as a replacement 
for existing designs not meeting current safety standards. According to TL-3 of NCHRP Report 
No. 350, support structures must be subjected to two full-scale vehicle crash tests. The two crash 
tests are as follows: 
1. Test Designation No. 3-60 consisting of a 1,808-lb (820-kg) passenger car impacting 
the system at a nominal speed of 21.7 mph (35.0 km/h) and an angle between 0 and 
20 degrees. 
 
2. Test Designation No. 3-61 consisting of a 1,808-lb (820-kg) passenger car impacting 
the system at a nominal speed of 62.1 mph (100.0 km/h) and an angle between 0 and 
20 degrees. 
 
The test conditions for TL-3 support structures are summarized in Table 3. 
Table 3. NCHRP Report No. 350 TL-3 Crash Test Conditions 
Test 
Article 
Test 
Designation 
Test 
Vehicle 
Impact Conditions 
Evaluation 
Criteria 1 
Speed Angle 
(deg.) mph km/h 
Support 
Structures 
3-60 820C 21.7 35.0 0-20 B,D,F,H,I,K,N 
3-61 820C 62.1 100.0 0-20 B,D,F,H,I,K,N 
     1 Evaluation criteria explained in Table 4. 
 
Although the tests described in Table 3 pertain to full-scale crash tests with production 
vehicles, NCHRP Report No. 350 does allow the use of surrogate vehicles, e.g., bogie vehicles 
or pendulums. For compliance testing, the surrogate vehicle must be properly designed to 
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replicate the essential properties of the original production model. In 2009, FHWA approved the 
use of the Valmont-MwRSF/UNL pendulum for the evaluation of breakaway hardware [3]. 
Therefore, the Valmont-MwRSF/UNL pendulum with crushable nose was used in lieu of a 
production model vehicle. 
In 1975, ENSCO, INC. developed an analytical method for estimating the high-speed 
(62.1 mph or 100.0 km/h) performance of a breakaway device tested at low-speed (21.7 mph or 
35.0 km/h) [4]. Currently, the FHWA recognizes this conservative analytical extrapolation 
method as an alternative to high-speed, full-scale crash testing [5]. Therefore, only test 
designation no. 3-60 was performed with the Valmont-MwRSF/UNL pendulum. The results for 
the high-speed test, corresponding to test designation no. 3-61, were calculated using the 
analytical extrapolation method. 
3.2 Evaluation Criteria 
The evaluation criteria were based on three appraisal areas: (1) structural adequacy; (2) 
occupant risk; and (3) vehicle trajectory after collision. Criteria for structural adequacy are 
intended to evaluate the predictability of the breakaway support. Occupant risk evaluates the 
degree of hazard to occupants in the impacting vehicle. Vehicle trajectory after collision is a 
measure of the potential for the post-impact trajectory of the vehicle to become involved in 
secondary collisions with other vehicles or fixed objects, thereby increasing the risk of injury to 
the occupant of the impacting vehicle and to other vehicles. These evaluation criteria are 
summarized in Table 4 and defined in greater detail in NCHRP Report No. 350. 
In tests of breakaway features, the impulse event on the vehicle may be relatively small 
and of short duration. In such tests, it is not unusual for the hypothetical occupant to travel less 
than the necessary distance to contact the interior compartment during the period in which 
accelerations are recorded or up to the time the vehicle loses contact with the test article. In such 
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cases, the vehicle’s change in velocity that occurs during contact with the test article or parts 
thereof should be reported instead of occupant impact velocity. If parts of the test article remain 
in contact with the vehicle after impact, the vehicle’s change in velocity should be computed at 
the time in which the vehicle clears the footing or foundation of the test article. 
It was recognized that the extent of vehicle roof crush cannot be evaluated when using a 
bogie vehicle or pendulum for testing. However, breakaway poles weighing less than 992 lb (450 
kg) have been shown to pose minimal threat to the occupant compartment. Video of the 
surrogate vehicle testing can be used to show that the vehicle passes underneath the pole before 
the luminaire and the top of the pole fall to the ground, demonstrating a minimal risk of roof 
crush. Therefore, a full evaluation of roof crush has not been required for systems weighing less 
than 992 lb (450 kg) limit. 
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Table 4. Evaluation Criteria for Breakaway Support Structures 
NCHRP Report No. 350 Criteria 
Structural 
Adequacy 
B. The test article should readily activate in a predictable manner by breaking away, fracturing, 
or yielding. 
Occupant 
Risk 
D. Detached elements, fragments or other debris from the test article should not penetrate or 
show potential for penetrating the occupant compartment, or present an undue hazard to 
other traffic, pedestrians, or personnel in a work zone. Deformations of, or intrusions into, 
the occupant compartment that could cause serious injury should not be permitted. See 
discussion in Section 5.3 and Appendix E of NCHRP Report No. 350. 
F. The vehicle should remain upright during and after collision although moderate roll, pitch, 
and yaw are acceptable. 
H. Occupant Impact Velocity (OIV) (see Appendix A, Section A5.3 of NCHRP Report No. 350 
for calculation procedure) should satisfy the following: 
 Occupant Impact Velocity Limits 
Component Preferred Maximum 
Longitudinal  9.8 ft/s (3.0 m/s) 
16.4 ft/s 
(5.0 m/s) 
I. The Occupant Ridedown Acceleration (ORA) (see Appendix A, Section A5.3 of NCHRP 
Report No. 350 for calculation procedure) should satisfy the following: 
 Occupant Ridedown Acceleration Limits 
Component Preferred Maximum 
Longitudinal and Lateral 15 g’s 20 g’s 
Vehicle 
Trajectory 
K. After collision it is preferable that the vehicle’s trajectory not intrude into adjacent traffic 
lanes. 
N. Vehicle trajectory behind the test article is acceptable. 
AASHTO Fifth Edition Additional Criteria 
Structural 
Adequacy 
Substantial remains of breakaway supports shall not project more than 4 in. (100 mm) 
above a line between straddling wheels of a vehicle on 60 in. (1,500 mm) centers. The line 
connects any point on the ground surface one side of the support to a point on the ground 
surface on the other side, and it is aligned radially or perpendicularly to the centerline of the 
roadway. 
The maximum mass of combined luminaire support and fixtures attached to breakaway 
supports shall be limited to 992 lb (450 kg). Any increases in these limits are to be based on 
full-scale crash testing and an investigation of the range of vehicle roof crush characteristics 
that go beyond the recommended testing procedures of NCHRP Report No. 350. 
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4 TEST CONDITIONS 
4.1 Testing Facility 
The pendulum testing facility is located at Valmont Industries, Inc. in Valley, Nebraska. 
The facility consists of the pendulum and a utility building for use in control and setup of the 
testing. 
4.2 Data Acquisition Systems 
4.2.1 Accelerometers 
Two environmental shock and vibration sensor/recorder systems were used to measure 
the accelerations in the longitudinal direction. The accelerometer systems were mounted on a 
rigid plate on top of the pendulum body at the longitudinal center-of-gravity. The acceleration 
data was processed using both SAE CFC 60 and CFC 180 filtering procedures. 
The primary accelerometer system was a two-arm piezoresistive accelerometer system 
manufactured by Endevco of San Juan Capistrano, California. Two accelerometers were used to 
measure the longitudinal acceleration at a sample rate of 10,000 Hz. The accelerometers were 
configured and controlled using a system developed and manufactured by Diversified Technical 
Systems, Inc. (DTS) of Seal Beach, California. More specifically, data was collected using a 
DTS Sensor Input Module (SIM), Model TDAS3-SIM-16M. The SIM was configured with 16 
MB SRAM memory and 8 sensor input channels with 250 kB SRAM/channel. The SIM was 
mounted on a TDAS3-R4 module rack. The module rack was configured with isolated 
power/event/communications, 10BaseT Ethernet and RS232 communication, and an internal 
backup battery. Both the SIM and module rack were crashworthy. The “DTS TDAS Control” 
computer software program and a customized Microsoft Excel worksheet were used to analyze 
and plot the accelerometer data. 
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The second system, Model EDR-3, was a triaxial piezoresistive accelerometer system 
manufactured by IST of Okemos, Michigan. The EDR-3 was configured with 256 kB of RAM 
memory, a range of ±200 g’s, a sample rate of 3,200 Hz, and a 1,120 Hz low-pass filter. The 
“DynaMax 1 (DM-1)” computer software program and a customized Microsoft Excel worksheet 
were used to analyze and plot the accelerometer data. 
The original FOIL-FHWA pendulum testing into a rigid pole used accelerometers on 
both the crushable nose and the body of the pendulum. This setup was used to measure the 
accelerations of the two separate masses in the system. During the pendulum impact into a rigid 
pole, there was an initial impact that stopped the forward motion of the crushable nose and 
brought the nose velocity to zero. This impact event was very short and had a relatively low 
magnitude. The remainder of the impact event consisted of deceleration of the main body of the 
pendulum which was much higher in magnitude. As such, the researchers believed that there 
would be very little error if the crushable nose accelerations were omitted. This assumption 
seemed to be proven based on review of the test report for the validation of the TTI pendulum 
system [8]. In the noted report, TTI showed cross-plots of the pendulum body acceleration and 
the combined body and crushable nose acceleration. The minor differences between the 
acceleration curves were relegated to the initial portion of the impact event. Recognizing this, the 
Valmont-MwRSF/UNL pendulum was certified and validated against a rigid pole without an 
acceleration transducer system on the crushable nose [3]. Therefore, the current pendulum testing 
and evaluation program only utilized accelerometers mounted to the pendulum mass. 
4.3 Photography Cameras 
Three AOS X-PRI high-speed digital video cameras and three JVC digital video cameras 
were utilized to film test nos. BBC-1 and BBC-2. The three high-speed cameras and two digital 
video cameras were set up perpendicular to impact at a distance of 55 ft (16.8 m) from the pole. 
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The other digital video camera was located 55 ft (16.8 m) perpendicular and the pole 49 ft (14.9 
m) downstream from the impact. Camera details, lens information, and camera operating speeds 
are shown in Table 5. 
A similar setup as used for test nos. BBC-1 and BBC-2 was utilized for test nos. BBC-3 
through BBC-5, except the other digital video camera was located 86 ft (26.2 m) laterally on the 
opposite side of impact and 60 ft (18.3 m) downstream. Camera details, lens information, and 
camera operating speeds are shown in Table 6. 
During test nos. BBC-6 and BBC-7, only two high-speed cameras and three digital video 
cameras were used to document the tests. The distance from impact to the perpendicular cameras 
was 56 ft – 6 in. (17.2 m). The offset digital video camera was located an additional 78 ft (23.8 
m) downstream from impact. Camera details, lens information, and camera operating speeds are 
shown in Table 7. 
The high-speed videos were analyzed using a Redlake MotionScope software program. 
Actual camera speed and camera divergence factors were considered in the analysis of the high-
speed videos. A Nikon D50 digital still camera was also used to document pre- and post-test 
conditions for each test. 
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Table 5. Camera Data, Test Nos. BBC-1 and BBC-2 
 No. Type Operating Speed (frames/sec) Lens 
Lens 
Setting 
H
ig
h-
Sp
ee
d 
V
id
eo
 5 AOS X-PRI Gigabit 1000 Fujinon Fixed 50 mm - 
6 AOS X-PRI Gigabit 500 Sigma Fixed 50 mm - 
7 AOS X-PRI Gigabit 500 Sigma 24-135 135 
D
ig
ita
l 
V
id
eo
 
2 JVC – GZ-MG27U (Everio) 29.97   
3 JVC – GZ-MG27U (Everio) 29.97   
4 JVC – GZ-MG27U (Everio) 29.97   
Table 6. Camera Data, Test Nos. BBC-3 through BBC-5 
 No. Type Operating Speed (frames/sec) Lens 
Lens 
Setting 
H
ig
h-
Sp
ee
d 
V
id
eo
 5 AOS X-PRI Gigabit 500 Fujinon Fixed 50 mm - 
6 AOS X-PRI Gigabit 1000 Sigma 24-70 50 
7 AOS X-PRI Gigabit 500 Sigma 24-135 135 
D
ig
ita
l 
V
id
eo
 3 JVC – GZ-MG27U (Everio) 29.97   
4 JVC – GZ-MG27U (Everio) 29.97   
Table 7. Camera Data, Test Nos. BBC-6 and BBC-7 
 No. Type Operating Speed (frames/sec) Lens 
Lens 
Setting 
H
ig
h-
Sp
ee
d 
V
id
eo
 6 AOS X-PRI Gigabit 1000 Fujinon Fixed 50 mm  - 
7 AOS X-PRI Gigabit 500 Osawa 28-80 45 
D
ig
ita
l 
V
id
eo
 
2 JVC – GZ-MG27U (Everio) 29.97   
3 JVC – GZ-MG27U (Everio) 29.97   
4 JVC – GZ-MG27U (Everio) 29.97   
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4.4 Speed Trap, Wooden Dowels 
For all pendulum tests reported herein, three wooden dowels, spaced at 18-in. (457-mm) 
intervals, were used to determine the speed of the pendulum mass before impact. The dowels 
were mounted so that the undercarriage of the pendulum body would incrementally impact all 
three dowels just prior to impact with the pole system. The pendulum speed was then determined 
from the high-speed video (at 1000 frames/sec) by determining the times at which each dowel 
was impacted. A photograph of the speed trap setup is shown in Figure 12. 
 
Figure 12. Wooden Dowel Setup 
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5 TEST INSTALLATION DETAILS – ROUND 1 
Two tests were performed in Round 1, test nos. BBC-1 and BBC-2. Each test installation 
was comprised of a luminaire pole, arms, simulated luminaires, breakaway couplings, and a 
simulated rigid foundation, as shown in Figures 13 through 22. Each component is described 
separately in the following sections. The fully assembled test installations for the Round 1 testing 
program are shown in Figures 23 and 24. Material specifications, mill certifications, and 
certificates of conforming are shown in Appendix A. 
5.1 Luminaire 
Critical luminaire pole systems were selected for testing and evaluation in order to allow 
for other pole configurations to be accepted for use with the breakaway brass couplings, pending 
a successful testing program. To define the limits of use for the brass couplers, two separate tests 
were required. One test configuration would represent the worst-case condition for evaluating 
occupant risk, i.e., the highest change in velocity. A heavy pole system with high rotational 
inertia would require the most energy to rotate it away from an impacting vehicle, thus resulting 
in the highest reduction in the vehicle’s longitudinal velocity. Therefore, the ILDOT selected a 
tall, thick, and heavy steel pole to serve as this worst case luminaire system. On the other end of 
the pole spectrum, a very lightweight, thin-gauge pole may not be strong enough to transfer the 
impact load down to the couplings. Thus, a weak pole may bend, crush, or fracture before the 
couplings break away. Therefore, the ILDOT selected a short, thin, and light aluminum pole to 
serve as this worst-case luminaire pole system. Each pole is described independently in the 
following sections. 
5.1.1 Heavy Steel Luminaire Pole, Test No. BBC-1 
The round steel pole was fabricated with a 10-gauge (3.42-mm) wall thickness and had a 
shaft height of 50 ft (15.2 m), as shown in Figure 13. The nominal height to the luminaire was 53 
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ft (16.2 m). The pole had a top outside diameter of 4 in. (102 mm) and a bottom outside diameter 
of 11 in. (279 mm). The two mounting points for attaching the luminaire arms were located 47 ft 
- 4 in. (14.4 m) and 49 ft – 7 in. (15.1 m) above the base of the pole. The base plate was 1¼-in. 
(16-mm) thick by 15.1-in. (384-mm) square, as shown in Figure 14. The bolt circle was 15⅛-in. 
(384-mm) in diameter. Dual truss arms were attached to the top of the pole, each with a length of 
12 ft (3.7 m), as shown in Figure 15. Each arm was braced with two struts at locations of 4 ft and 
8 ft (1.2 m and 2.4 m) laterally from the pole. Steel plates weighing approximately 50 lb (23 kg) 
were attached to the end of each arm to simulate the luminaire bulb weights. The pole and base 
plate weighed 603 lb (274 kg), and the two luminaire arms, with simulated luminaire, weighed 
376 lb (171 kg) for a total system weight of 979 lb (444 kg).  
5.1.2 Light Aluminum Luminaire Pole, Test No. BBC-2 
The round aluminum pole was fabricated with a ¼-in. (6.4-mm) wall thickness and had a 
height of 27 ft – 8 in. (8.4 m), as shown in Figure 16. The nominal height to the luminaire was 30 
ft (9.1 m). The pole had a top outside diameter of 4½ in. (114 mm) and a bottom outside 
diameter of 8 in. (203 mm). A handhole was located on the pole centered at a height of 18 in. 
(457 mm) from the base of the pole. The base assembly was 12-in. (305-mm) square and was 
welded to the base of the pole. The bolt circle had a diameter of 11 in. (279 mm). A single 68-in. 
(1,727-mm) long luminaire arm was attached to the top of the pole, as shown in Figure 17. Steel 
plates weighing approximately 50 lb (23 kg) were attached to the end of the arm to simulate the 
luminaire bulb weight. The pole weighed 169 lb (77 kg), and the luminaire arm, with simulated 
luminaire, weighed 88 lb (40 kg) for a total system weight of 257 lb (117 kg). 
5.2 Breakaway Brass Couplings, Test Nos. BBC-1 and BBC-2 
Four ASTM B16 brass breakaway couplings were used to fasten the poles to the 
foundation in test nos. BBC-1 and BBC-2, as shown in Figures 18 and 19. The 1½-in. (38-mm) 
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wide hexagon-shaped couplings were 3½ in. (89 mm) tall and had a 0.15-in. (3.8-mm) deep, 1/8-
in. radius notch cut around the middle. The couplings were drilled and tapped to provide 1 in. -8 
UNC internal threads through the entire length of the coupling. A 3-in. (76-mm) long by 1-in. 
(25-mm) diameter stainless steel threaded rod was inserted and epoxied into one end of the 
coupling, leaving 1 in. (25 mm) of the rod exposed.  
To prevent the anchor bolts from extending through the critical notched area of the 
coupling, a nylon insert was inserted inside the coupling. The threaded nylon insert was ½ in. (13 
mm) long by 1-in. (25-mm) diameter, as shown in Figure 20. A single grove was cut into one 
end of the insert so that it could be fastened into the coupling using a screwdriver. The nylon 
inserts were only used in test no. BBC-1. 
5.3 Simulated Rigid Foundation 
The base of each pole was bolted to a simulated rigid foundation consisting of a steel 
W18x119 (W457x177) support beam and two adapter plates, as shown in Figures 21 and 22. The 
steel support beam had two 1-in. (25-mm) plates reinforcing its web at midspan, and the beam 
spanned across an 8-ft long by 13-ft wide by 6-ft deep (2.4-m long by 4.0-m wide by 1.8-m 
deep) concrete pit. Two 36-in. (914-mm) diameter steel adapter plates were bolted to the top 
flange of the beam at midspan. The adapter plates were bolted to the simulated rigid foundation 
using 1-in. (25 mm) diameter, ASTM A325 bolts. Finally, the couplings were anchored to the 
adapter plates using 1-in. (25 mm) diameter, ASTM A325 threaded rods. 
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Figure 13. Steel Pole Details, Test Nos. BBC-1, BBC-3, and BBC-4 
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Figure 14. Steel Pole Base Details, Test Nos. BBC-1, BBC-3, and BBC-4 
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Figure 15. Steel Truss Arm Details, Test Nos. BBC-1, BBC-3, and BBC-4 
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Figure 16. Aluminum Pole Details, Test Nos. BBC-2 and BBC-5 
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Figure 17. Aluminum Luminaire Arm Details, Test Nos. BBC-2 and BBC-5 
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Figure 18. Breakaway Brass Coupling (Version 1) Details, Test Nos. BBC-1 and BBC-2 
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Figure 19. Brass Couplings (Version 1), Test Nos, BBC-1 and BBC-2 
 
Figure 20. Nylon Inserts for Brass Couplings, Test No. BBC-1 
  
38 
D
ecem
ber 22, 2010  
M
w
R
SF R
eport N
o. TR
P-03-248-10
 
Figure 21. Simulated Rigid Foundation Details 
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Figure 22. Support Beam and Adapter Plate Details 
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Figure 23. Assembled Test Installation, Test No. BBC-1 
  
41 
D
ecem
ber 22, 2010  
M
w
R
SF R
eport N
o. TR
P-03-248-10
 
 
 
 
Figure 24. Assembled Test Installation, Test No. BBC-2 
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6 PENDULUM TEST NO. BBC-1 
6.1 Test No. BBC-1 
The 1,878-lb (852-kg) pendulum with crushable nose impacted the 53-ft (16.2-m) 
nominal height steel pole with brass couplings at a speed of 21.8 mph (35.1 km/h). A summary 
of the test results and sequential photographs are shown in Figure 25. Additional sequential 
photographs are shown in Figures 26 and 27. 
6.2 Weather Conditions 
Test no. BBC-1 was conducted on November 17, 2009 at approximately 12:30 pm. The 
weather conditions, as per the National Oceanic and Atmospheric Administration (station 
04924/FET), were documented and are shown in Table 8. 
Table 8. Weather Conditions, Test No. BBC-1 
Temperature 48° F 
Humidity 37% 
Wind Speed 7 mph 
Wind Direction 0° from True North 
Sky Conditions Clear 
Visibility 10 Statute Miles 
Pavement Surface Dry  
Previous 3-Day Precipitation  0.03 in. 
Previous 7-Day Precipitation  0.03 in. 
 
6.3 Test Description 
The pendulum impacted the pole system at the targeted impact height of 17½ in. (445 
mm). A sequential description of the impact events is contained in Table 9. 
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Table 9. Sequential Description of Impact Events, Test No. BBC-1 
Time (sec) Event Description 
0.000 The pendulum impacted the steel pole, and honeycomb element no. 1 began to compress. 
0.005 Honeycomb element no. 2 began to compress. 
0.014 Honeycomb element no. 2 was fully compressed, and honeycomb element no. 3 began to compress. 
0.023 Honeycomb element no. 3 was fully compressed, and honeycomb element no.4 began to compress. 
0.031 Honeycomb element no. 4 was fully compressed, and honeycomb element no. 5 began to compress. 
0.034 Honeycomb element no. 6 began to compress. 
0.039 Honeycomb element no. 5 was fully compressed. 
0.045 Honeycomb element no. 6 was fully compressed, and honeycomb element no. 7 began to compress. 
0.050 The pole dented at the impact location. The front of the pendulum pitched downward. 
0.055 Honeycomb element no. 7 was fully compressed, and honeycomb element no. 8 began to compress. 
0.070 Honeycomb element no. 8 was fully compressed, and honeycomb element no. 9 began to compress. 
0.082 The front, or impact-side, couplings fractured, but the pole did not break away. 
0.117 The pendulum began to rebound back away from the pole. 
0.180 The nose of the pendulum lost contact with the pole. The top of the pole was oscillating back and forth. 
1.200 The pole continued to oscillate and was now leaning backward. 
3.180 The rear couplings fractured in bending due to the pole falling backward. 
5.690 The pole was horizontal as the top fell to the ground behind and directly in line with the impact. 
 
6.4 System Damage 
Damage to the luminaire pole and brass couplings is shown in Figures 28 and 29. The 
steel pole was dented at the impact height. The steel pole and truss arms remained intact and 
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came to rest lying with the base 6 ft - 2 in. (1.8 m) downstream from impact. All four couplings 
fractured and left stub heights of 1¾ in. (44 mm), as shown in Figure 28. All four of the nylon 
inserts were also fractured into two pieces. 
6.5 Occupant Risk 
The calculated occupant impact velocity (OIV) and maximum 0.010-sec occupant 
ridedown acceleration (ORA) in the longitudinal direction are shown in Table 10. The calculated 
longitudinal ORA of -2.06 g’s was within the acceptable limits. However, the calculated 
longitudinal OIV of -35.37 ft/s (-10.78 m/s) exceeded the maximum allowable NCHRP Report 
No. 350 limits of 16.4 ft/s (5.0 m/s). The recorded data from the accelerometers are shown in 
graphical format in Appendix B. 
Table 10. Occupant Risk Summary, Test No. BBC-1 
Evaluation Criteria 
Transducer 
NCHRP 
Report No. 
350 Limit EDR-3 
DTS 
BR39H CM54H 
Longitudinal OIV 
ft/s (m/s) 
-34.45 
(-10.50) 
-35.37 
(-10.78) 
-35.17 
(-10.72) 
≤ 16.4  
(5.00) 
Longitudinal ORA 
g’s -1.40 -2.06 -1.94 ≤ 20  
 
6.6 Discussion 
During test no. BBC-1, the 53-ft (16.2-m) nominal height steel luminaire pole with brass 
couplings did not break away in a controlled and predictable manner. The two front couplings 
fractured following impact, but the two rear couplings fractured much later due to the leaning of 
the pole. All four couplings had a stub height of 1¾ in. (44 mm), thus meeting the 4-in. (100-
mm) maximum stub height requirement provided in AASHTO’s Standard Specifications for 
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Structural Supports for Highway Signs, Luminaires, and Traffic Signals, Fifth Edition. The 
calculated longitudinal OIV of -35.37 ft/s (-10.78 m/s) exceeded the maximum allowable limit 
established by NCHRP Report No. 350. Therefore, test no. BBC-1 (test designation no. 3-60) did 
not pass the TL-3 safety performance criteria provided in NCHRP Report No. 350. 
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• Test Agency ................................................................. MwRSF 
• Test Facility ........................ Valmont-MwRSF/UNL Pendulum 
• Test Number ................................................................... BBC-1 
• Date  ............................................................................ 11/17/09 
• NCHRP Report No. 350 Test Designation No. .................. 3-60 
• Test Article ........... Brass Couplings (Version 1) and Steel Pole 
• Nominal Luminaire Height ................................. 53 ft (16.2 m) 
• Key Component – Tapered Steel Pole 
 Height ......................................................... 50 ft (15.2 m) 
 Bottom Diameter ..................................... 11 in. (279 mm) 
 Thickness .......................................... 10 gauge (3.42 mm) 
• Key Component – Luminaire Mast Arms 
 Length ........................................................... 12 ft (3.7 m) 
 Mounting Height .............................. 49 ft – 7 in. (15.1 m) 
• Key Component –Couplings 
 Material ................................................. ASTM B16 Brass 
 Shape .................................................................. Hexagon 
 Width ........................................................ 1½ in. (38 mm) 
 Length ....................................................... 3½ in. (89 mm) 
 Nylon Insert .............................................. inside coupling 
• Total Installation Mass ...................................... 979 lb (444 kg) 
 Pole ........................................................... 603 lb (274 kg) 
 Arms ......................................................... 376 lb (171 kg) 
 
 
• Surrogate Vehicle ...................................................... Pendulum 
 Mass ...................................................... 1,878 lb (852 kg) 
 Impact Head ............................................. Crushable Nose 
• Impact Conditions 
 Speed  ............................................. 21.8 mph (35.1 km/h) 
 Angle  ....................................................................... 0 deg 
  Impact Height ....................................... 17½ in. (445 mm) 
• Test Article Damage .................................................... Minimal 
• Stub Heights 
 Four Occurrences ..................................... 1¾ in. (44 mm) 
• Transducer Data 
Evaluation 
Criteria 
Transducer 
NCHRP 
Report No. 
350 Limit EDR-3 
DTS 
BR39H CM54H 
Longitudinal 
OIV 
ft/s (m/s) 
-34.45 
(-10.50) 
-35.37 
(10.78) 
-35.17 
(-10.72) 
≤ 16.4 ft/s 
(5.0) 
Longitudinal 
ORA 
g’s 
-1.40 -2.06 -1.94 ≤ 20 g’s 
 
 
Figure 25. Summary of Test Results and Sequential Photographs, Test No. BBC-1 
           0.458 sec       0.117 sec 0.084 sec0.052 sec  0.000 sec 
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0.000 sec 
 
0.062 sec 
 
0.306 sec 
 
0.416 sec
 
0.606 sec 
 
0.734 sec 
 
0.890 sec 
 
2.142 sec 
 
Figure 26. Additional Sequential Photographs, Test No. BBC-1 
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0.000 sec 
 
0.056 sec 
 
0.180 sec 
 
0.304 sec 
 
0.460 sec 
 
0.702 sec 
 
0.856 sec 
 
1.902 sec 
Figure 27. Additional Sequential Photographs, Test No. BBC-1 
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Figure 28. System Damage, Test No. BBC-1 
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Figure 29. System Damage, Test No. BBC-1 
December 22, 2010  
MwRSF Report No. TRP-03-248-10 
51 
7 PENDULUM TEST NO. BBC-2 
7.1 Test No. BBC-2 
The 1,878-lb (852-kg) pendulum with crushable nose impacted the 30-ft (9.1-m) nominal 
height aluminum pole with brass couplings at a speed of 21.8 mph (35.1 km/h). A summary of 
the test results and sequential photographs are shown in Figure 30. Additional sequential 
photographs are shown in Figures 31 and 32. 
7.2 Weather Conditions 
Test no. BBC-2 was conducted on November 17, 2009 at approximately 2:00 pm. The 
weather conditions, as per the National Oceanic and Atmospheric Administration (station 
04924/FET), were documented and are shown in Table 11. 
Table 11. Weather Conditions, Test No. BBC-2 
 
 
7.3 Test Description 
The pendulum impacted the pole system at the targeted impact height of 17½ in. (445 
mm). A sequential description of the impact events is contained in Table 12. 
Temperature 52° F 
Humidity 28% 
Wind Speed 9 mph 
Wind Direction 340° from True North 
Sky Conditions Clear 
Visibility 10 Statute Miles 
Pavement Surface Dry  
Previous 3-Day Precipitation  0.03 in. 
Previous 7-Day Precipitation  0.03 in. 
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Table 12. Sequential Description of Impact Events, Test No. BBC-2 
Time (sec) Event Description 
0.000 The pendulum impacted the aluminum pole, and honeycomb element no. 1 began to compress. 
0.007 Honeycomb element no. 2 began to compress. 
0.015 Honeycomb element no. 2 was fully compressed, and honeycomb element no. 3 began to compress. 
0.023 Honeycomb element no. 3 was fully compressed, and honeycomb element no. 4 began to compress. 
0.032 Honeycomb element no. 5 began to compress. 
0.040 Honeycomb element no. 6 began to compress, and the pole dented at the impact location. 
0.045 Honeycomb element no. 4 was fully compressed, and the right-front coupling fractured. 
0.056 Honeycomb element no. 6 was fully compressed. 
0.065 The left-front coupling disengaged from the anchor bolt. 
0.069 The right-rear coupling fractured. 
0.072 The left-rear coupling fractured. 
0.093 
The left-front coupling, which was still attached to the base plate, fractured 
after the bottom of the coupling contacted the remaining stub from the left-rear 
coupling. 
0.110 The pendulum lost contact with the luminaire pole, and the pole continued to rotate away its original location. 
0.724 The base of the aluminum pole contacted the ground. 
1.138 
The pendulum impacted the pole on its up swing at a distance of approximately 
6 ft (1.8 m) from the base of the pole. This secondary impact caused the pole to 
rotate at a much quicker rate. 
2.500 The luminaire mast arm fell past the rigid base plate and into the pit below. 
3.500 The pendulum impacted the luminaire mast arm on its return swing, crushing it against the back wall of the pit and causing extensive deformations to the arm. 
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7.4 System Damage 
Damage to the luminaire pole and brass couplings is shown in Figures 33 and 34. The 
aluminum pole was dented at the impact height. The luminaire arm was bent significantly from 
contact with the pendulum during its back swing. The pole and luminaire arm came to rest on top 
of the pendulum. Three brass couplings fractured as expected, resulting in  a remaining stub 
height of 1¾ in. (44 mm). The other brass coupling was disengaged from its anchor bolt due to 
the improper installation of the coupling onto the anchor bolt. 
7.5 Occupant Risk 
The occupant impact velocity (OIV) and maximum 0.010-sec occupant ridedown 
acceleration (ORA) were not calculated since the hypothetical occupant did not contact the 
dashboard within the time that the pole was in contact with the vehicle. However, as described in 
Section 3.2, the pendulum’s longitudinal change in velocity throughout the impact event was 
recorded and compared against the NCHRP Report No. 350 OIV limit. The calculated change in 
velocity was 16.80 ft/s (5.12 m/s), which exceeded the NCHRP Report No. 350 limit of 16.4 ft/s 
(5.0 m/s), as shown in Table 13. The recorded data from the accelerometers are shown in 
graphical format in Appendix C. 
Table 13. Occupant Risk Summary, Test No. BBC-2 
Evaluation Criteria 
Transducer NCHRP 
Report No. 
350 Limit EDR-3 
DTS 
BR39H CM54H 
Longitudinal OIV 
ft/s (m/s) 
NA 
(No occupant 
contact) 
NA 
(No occupant 
contact) 
NA 
(No occupant 
contact) 
≤ 16.4  
(5.0) 
Longitudinal ORA 
g’s 
NA 
(No occupant 
contact) 
NA 
(No occupant 
contact) 
NA 
(No occupant 
contact) 
≤ 20  
Max. Vehicle ΔV   
ft/s (m/s) 
16.52 
(5.04) 
16.80 
(5.12) 
16.88 
(5.14) 
≤ 16.4  
(5.0) 
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7.6 Discussion 
The analysis of the results for test no. BBC-2 showed that the 30-ft (9.1-m) nominal 
height aluminum luminaire pole with brass couplings broke away in a predictable manner. The 
high-speed video illustrated that the vehicle would pass underneath the pole before the luminaire 
fell to the ground. Therefore, the pole did not show a propensity to cause excessive deformations 
to the occupant compartment after it broke away. The change in velocity of the pendulum during 
impact was 16.88 ft/s (5.14 m/s), which exceeds the 16.4 ft/s (5.0 m/s) limit established by 
NCHRP Report No. 350. One coupling disengaged from the anchor bolt instead of fracturing. 
Upon investigation, it was determined that the anchor bolt had only been inserted ¼ in (6 mm) 
into the bottom of the coupling instead of the full 1½ in. (38 mm). As a result, the anchor bolt 
stripped the threads inside the brass coupling before it fractured. This occurrence may have 
slightly reduced both the total absorbed energy during the test and the resulting change in 
velocity. Therefore, test no. BBC-2 (test designation no. 3-60) did not pass the TL-3 safety 
performance criteria provided in NCHRP Report No. 350. 
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• Test Agency ................................................................. MwRSF 
• Test Facility ........................ Valmont-MwRSF/UNL Pendulum 
• Test Number ................................................................... BBC-2 
• Date  ............................................................................ 11/17/09 
• NCHRP Report No. 350 Test Designation No ................... 3-60 
• Test Article .. Brass Couplings (Version 1) and Aluminum Pole 
• Nominal Luminaire Height ................................... 30 ft (9.1 m) 
• Key Component – Tapered Aluminum Pole 
 Height ................................................ 27 ft – 8 in. (8.4 m) 
 Bottom Diameter .................................... 8.0 in. (203 mm) 
 Thickness ...................................................... ¼ in. (6 mm) 
• Key Component – Luminaire Mast Arm 
 Length ................................................... 68 in. (1,727 mm) 
 Mounting Height ................................ 27 ft – 8 in. (8.4 m) 
• Key Component – Couplings 
 Material ................................................. ASTM B16 Brass 
 Shape .................................................................. Hexagon 
 Width ........................................................ 1½ in. (38 mm) 
 Length ....................................................... 3½ in. (89 mm) 
• Total Installation Mass ...................................... 257 lb (117 kg) 
 Pole ............................................................. 169 lb (77 kg) 
 Arm ................................................................ 88 lb (40kg) 
• Surrogate Vehicle ...................................................... Pendulum 
 Mass ....................................................... 1,878 lb (852 kg) 
 Impact Head ............................................. Crushable Nose 
 
• Impact Conditions 
 Speed  ............................................. 21.8 mph (35.1 km/h) 
 Angle  ....................................................................... 0 deg 
  Impact Height ....................................... 17½ in. (445 mm) 
• Test Article Damage ................................................... Moderate 
• Stub Heights 
 Four Occurrences ..................................... 1¾ in. (44 mm) 
• Transducer Data 
Evaluation 
Criteria 
Transducer 
NCHRP 
Report 
No. 350 
Limit 
EDR-3 
DTS 
BR39H CM54H 
Longitudinal 
OIV 
ft/s (m/s) 
NA 
(No occupant 
contact) 
NA 
(No occupant 
contact) 
NA 
(No occupant 
contact) 
≤ 16.4 ft/s 
(5.0) 
Longitudinal 
ORA 
g’s 
NA 
(No occupant 
contact) 
NA 
(No occupant 
contact) 
NA 
(No occupant 
contact) 
≤ 20 g’s 
Max. 
Vehicle ΔV  
ft/s (m/s) 
16.52 
(5.04) 
16.80 
(5.12) 
16.88 
(5.09) 
≤ 16.4 ft/s 
(5.0) 
 
 
 
Figure 30. Summary of Test Results and Sequential Photographs, Test No. BBC-2 
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Figure 31. Additional Sequential Photographs, Test No. BBC-2 
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0.168 sec 
Figure 32. Additional Sequential Photographs, Test No. BBC-2
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Figure 33. System Damage, Test No. BBC-2 
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Figure 34. System Damage, Test No. BBC-2 
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8 SUMMARY OF ROUND 1 TESTING 
In the first round of testing, the Valmont/MwRSF-UNL pendulum, equipped with a 
crushable nose, was utilized to conduct two tests for evaluating the first version of the breakaway 
brass couplings. Both tests failed to satisfy the safety performance criteria established by 
NCHRP Report No. 350 and AASHTO’s Standard Specifications for Structural Supports for 
Highway Signs, Luminaires, and Traffic Signals. A summary of the evaluation for both tests is 
shown in Table 14. 
In test no. BBC-1, the couplings were used to support a 53-ft (16.2-m) nominal height, 
10-gauge (3.42-mm) thick, steel luminaire pole. During this test, the pole did not break away as 
only the front two couplings fractured upon impact. The rear couplings fractured seconds after 
the impact due to bending forces caused by the pole leaning backward. The sudden stop of the 
pendulum resulted in OIV values over twice the NCHRP Report No. 350 maximum allowable 
limit of 16.4 ft/s (5.0 m/s). Upon inspection of the fractured couplings, it was noted that the 
nylon spacer inserts fractured along with the notched cross section of the brass couplings. The 
nylon spacer inserts were not a part of the original development testing, but rather a late addition 
to the couplings meant to ensure that the anchor bolts would not be threaded too far and extend 
through the notched fracture plane. Therefore, it was determined that the addition of these nylon 
inserts greatly increased the strength of the brass couplings and prevented the desired breakaway 
mechanism from activating. Subsequently, the inserts were not utilized in the couplings during 
no. test BBC-2. 
In test no. BBC-2, the couplings were used to support a 30-ft (9.1-m) nominal height, ¼-
in. (6.4-mm) thick, aluminum luminaire pole. During the test, the pole broke away in a controlled 
manner. However, it was later discovered in the high-speed video that only three of the couplings 
fractured while the last coupling was pulled from the anchor bolt. Upon investigation, the brass 
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coupling was not properly installed on the anchor bolt as only ¼ in. (6 mm) of the bolt was 
threaded into the coupling. This embedment proved to be too small, and the internal threads of 
the coupling were stripped as the coupling was loaded. However, this phenomenon was 
inconsequential as the longitudinal change in velocity of 16.88 ft/s (5.14 m/s) exceeded the 
NCHRP Report No. 350 maximum allowable limit of 16.4 ft/s (5.0 m/s). If the forth coupling 
had been installed properly and instead fractured, the impact loads would have only been 
increased. 
The first round of pendulum testing illustrated that the brass couplings had reserve 
strength as both tests resulted in excessive OIVs (or velocity changes). As a result, the 
breakaway brass couplings were redesigned before the testing and evaluation process was 
continued. The second version of the brass couplings is described in Chapter 9. 
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Table 14. Summary of Safety Performance Evaluation Results, Round 1 Testing Program 
NCHRP Report No. 350 Criteria Test No. BBC-1 
Test No. 
BBC-2 
Structural 
Adequacy B. The test article should readily activate in a predictable manner by breaking away, fracturing or yielding. U S 
Occupant 
Risk 
D. Detached elements, fragments or other debris from the test article should not penetrate or show potential for 
penetrating the occupant compartment or present an undue hazard to other traffic, pedestrians, or personnel 
in a work zone. Deformations of, or intrusions into, the occupant compartment that could cause serious 
injury should not be permitted. See discussion in Section 5.3 and Appendix E of NCHRP Report No. 350. 
S S 
F. The vehicle should remain upright during and after collision although moderate roll, pitch, and yaw are 
acceptable. NA NA 
H. Occupant Impact Velocity (OIV) (see Appendix A, Section A5.3 of NCHRP Report No. 350 for calculation 
procedure) should satisfy the following: 
U U 
 
Occupant Impact Velocity Limits 
Component Preferred Maximum 
Longitudinal 9.8 ft/s (3.0 m/s) 16.4 ft/s (5.0 m/s) 
I. The Occupant Ridedown Acceleration (ORA) (see Appendix A, Section A5.3 of NCHRP Report No. 350 
for calculation procedure) should satisfy the following: 
S NA 
 
Occupant Ridedown Acceleration Limits 
Component Preferred Maximum 
Longitudinal and Lateral 15 g’s 20 g’s 
Vehicle 
Trajectory 
K. After collision it is preferable that the vehicle’s trajectory not intrude into adjacent traffic lanes. NA NA 
N. Vehicle trajectory behind the test article is acceptable S S 
AASHTO Fifth Edition Additional Criteria  
Structural 
Adequacy 
Substantial remains of breakaway supports shall not project more than 4 in. (100 mm) above a line between 
straddling wheels of a vehicle on 60 in. (1500 mm) centers. The line connects any point on the ground 
surface one side of the support to a point on the ground surface on the other side, and it is aligned radially or 
perpendicularly to the centerline of the roadway. 
S S 
The maximum mass of combined luminaire support and fixtures attached to breakaway supports shall be 
limited to 992 lb (450 kg). Any increase in these limits are to be based on full-scale crash testing and an 
investigation on the range of the roof crush characteristics that go beyond the recommended testing 
procedures of NCHRP Report No. 350. 
S S 
S- Satisfactory      U-Unsatisfactory     NA-Not Applicable 
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9 TEST INSTALLATION DETAILS – ROUND 2 
9.1 Breakaway Brass Couplings (Version 2), Test Nos. BBC-3 and BBC-5 
Several modifications were made to the original brass coupling (Version 1). First, the 
nylon inserts were removed from the inside of the couplings. As described in the previous 
chapter, the inserts proved to greatly increase the coupling capacity, an unintentional and 
undesirable effect. However, it was still desired to include a mechanism to prevent the anchor 
bolts from being threaded too far into the brass couplings and within the fracture plane. As a 
result, a set screw was placed on the side of the coupling ¼ in. (6 mm) from the center notch. 
The set screw prevented the anchor bolts from being threaded more than 1½ in. (38 mm) into the 
coupling, which ensured the fracture plane would be free and clear within the coupling.  
The second modification to the brass coupling involved a reduction in the notch radius 
from ⅛ in. (3.2 mm) to 0.075 in. (1.9 mm) and an increase in the notch depth by 0.02 in. (1 mm) 
to 0.170 in. (4.32 mm). The sharper radius created a higher stress concentration in the notch, 
while the deeper notch reduced the cross-sectional area of the coupling through the fracture 
plane. Together, these changes significantly reduced the strength and fracture energy of the brass 
coupling. 
The third modification to the coupling was an extension of the 1-in. (25-mm) diameter 
stainless steel threaded rod to a length of 4 in. ( 102 mm). As a result, the threaded rod extended 
2½ in. (64 mm) from the top of the coupling. The increased length was necessary for the rod to 
extended through the thick steel base plates and leave enough room for washers and a nut. 
As a result of these three modifications, Version 2 of the brass coupling was developed, 
as shown in Figure 35. The new coupling was used in test nos. BBC-3 and BBC-5. 
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9.2 TRANSPO Industries, Inc. Breakaway Coupling, Test No. BBC-4 
The ILDOT developed the brass breakaway coupling with the intent to provide similar 
safety performance and fracture strength to that of the TRANSPO Pole-Safe Double-Neck 
couplings. These TRANSPO couplings had been previously tested and accepted by FHWA [9-
10]. Although the ILDOT couplings performed similarly to the TRANSPO coupling in single 
component tests, the ILDOT engineers were interested in the dynamic performance of the 
TRANSPO couplings in actual luminaire pole installations, especially after conducting the 
unsuccessful Round 1 testing program using the brass couplings. Therefore, test no. BBC-4 was 
performed on a steel luminaire pole system that was mounted on four 1-in. (25-mm) diameter, 
TRANSPO Industries, Inc.’s Pole-Safe, Double-Neck couplings, as shown in Figure 36.  
9.3 Luminaire Poles 
The luminaire poles from the Round 1 testing program were also utilized for the Round 2 
testing program. The 53-ft (16.2-m) nominal height, dual arm, steel luminaire pole system was 
utilized for test nos. BBC-3 and BBC-4, while the 30-ft (9.1-m) nominal height, aluminum 
luminaire pole system was utilized for test no. BBC-5. Although the poles did receive some 
minor damage in the form of denting at the impact height, both the steel and aluminum poles 
remained straight and stood vertical when installed. The poles were rotated 180 degrees and the 
pendulum impacted the opposite side so that the prior dents would not affect the test results. The 
aluminum mast arm, which was damaged during test no. BBC-2, had to be replaced with a new 
part. The steel luminaire used in test nos. BBC-3 and BBC-4 had a total system weight of 923 lb 
(419 kg), while the aluminum luminaire used in test no. BBC-5 had a total system weight of 259 
lb (118 kg). The slight difference in weight between the systems used in Round 1 and the 
systems of Round 2 was due to a different set of steel plates used to comprise the simulated 
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luminaire bulb. Photographs of the assembled systems for test nos. BBC-3 through BBC-5 are 
shown in Figures 37 through 39, respectively. 
For test nos. BBC-3 through BBC-5, ropes were used to tether the top of the pole to the 
pendulum support structure. The ropes allowed the top of the pole to fall about 10 ft (3 m) from 
its original position before it was caught. Thus, the tether did not inhibit the freefall/rotation of 
the pole until after the impact event. 
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Figure 35. Brass Coupling (Version 2) Detail, Test Nos. BBC-3 and BBC-5 
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Figure 36. 1-in. (25-mm) Diameter, TRANSPO Pole-Safe Breakaway Coupling Details, Test No. BBC-4 
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Figure 37. Assembled Test Installation, Test No. BBC-3 
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Figure 38. Assembled Test Installation, Test No. BBC-4 
  
70 
D
ecem
ber 22, 2010  
M
w
R
SF R
eport N
o. TR
P-03-248-10
 
 
 
 
Figure 39. Assembled Test Installation, Test No. BBC-5 
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10 PENDULUM TEST NO. BBC-3 
10.1 Test No. BBC-3 
The 1,849-lb (839-kg) pendulum with crushable nose impacted the 53-ft (16.2-m) 
nominal height, steel luminaire pole with dual truss arms, simulated luminaire weights, and 
mounted on brass breakaway couplings (Version 2) at a speed of 21.8 mph (35.1 km/h). A 
summary of the test results and sequential photographs are shown in Figure 40. Additional 
sequential photographs are shown in Figures 41 and 42. 
10.2 Weather Conditions 
Test no. BBC-3 was conducted on June 15, 2010 at 12:10 pm. The weather conditions, as 
per the National Oceanic and Atmospheric Administration (station 04924/FET), were 
documented and are shown in Table 15. 
Table 15. Weather Conditions, Test No. BBC-3 
Temperature 73° F 
Humidity 64% 
Wind Speed 8 mph 
Wind Direction 300° from True North 
Sky Conditions Clear 
Visibility 10 Statute Miles 
Pavement Surface Dry  
Previous 3-Day Precipitation  3.60 in. 
Previous 7-Day Precipitation  8.72 in. 
 
10.3 Test Description 
The pendulum impacted the pole system at the targeted impact height of 17½ in. (445 
mm). A sequential description of the impact events is contained in Table 16. 
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Table 16. Sequential Description of Impact Events, Test No. BBC-3 
Time (sec) Event Description 
0.000 Impact 
0.006 Contact region of honeycomb element no. 1 was fully compressed. 
0.016 Honeycomb element no. 2 was fully compressed. 
0.024 Honeycomb element no. 3 was fully compressed. 
0.032 Honeycomb element no. 4 was fully compressed. 
0.042 Honeycomb element no. 5 was fully compressed. 
0.048 Honeycomb element no. 7 was fully compressed. 
0.058 The front two couplings fractured. 
0.062 Honeycomb element no. 6 was fully compressed. 
0.066 The rear two couplings fractured. 
0.140 The pendulum lost contact with the pole. 
0.514 The base of the pole contacted the ground as the pole rotated away from impact.
0.862 The pendulum impacted the pole for a second time on its upswing. 
2.172 The top of the pole was caught by the tether ropes. 
 
10.4 System Damage 
Damage to the luminaire pole and brass couplings is shown in Figures 43 and 44. The 
steel pole was dented at the impact height. The base of the pole came to rest 26 ft (7.9 m) 
downstream from the initial attachment location with the top of the pole captured by the tether. 
The two mast arms were slightly bent due to the tether system catching the pole as it fell. All 
four brass couplings fractured through the center notch, resulting in stub heights of 1¾  in. (44 
mm). 
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10.5 Occupant Risk 
The occupant impact velocity (OIV) and maximum 0.010-sec occupant ridedown 
acceleration (ORA) were not calculated since the hypothetical occupant did not contact the 
dashboard within the time that the pole was in contact with the vehicle. However, as described in 
Section 3.2, the pendulum’s change in longitudinal velocity throughout the impact event was 
recorded and compared against the NCHRP Report No. 350 OIV maximum allowable limit of 
16.4 ft/s (5.0 m/s). The calculated change in velocity was at the NCHRP Report No. 350 limit, 
either slightly over or slightly under depending on which transducer system was used, as shown 
in Table 17. The recorded data from the accelerometers are shown graphically in Appendix D. 
Table 17. Occupant Risk Summary, Test No. BBC-3 
Evaluation Criteria 
Transducer NCHRP 
Report No. 
350 Limit EDR-3 
DTS 
BF57H CM54H 
Longitudinal OIV 
ft/s (m/s) 
NA 
(No occupant 
contact) 
NA 
(No occupant 
contact) 
NA 
(No occupant 
contact) 
≤ 16.4  
(5.0) 
Longitudinal ORA 
g’s 
NA 
(No occupant 
contact) 
NA 
(No occupant 
contact) 
NA 
(No occupant 
contact) 
≤ 20  
MaximumVehicle 
ΔV 
 ft/s (m/s) 
16.44 
(5.01) 
16.40 
(5.00) 
16.36 
(4.99) 
≤ 16.4  
(5.0) 
 
10.6 Discussion 
The analysis of the results for test no. BBC-3 showed that the 53-ft (16.2-m) nominal 
height, steel luminaire system mounted on Version 2 of the brass couplings broke away in a 
controlled and predictable manner. The high-speed video illustrated that the vehicle would pass 
underneath the pole before the luminaire pole system fell to the ground. Therefore, the pole did 
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not show a propensity to cause excessive deformations to the occupant compartment after it 
broke away. The change in velocity of the pendulum mass from initial impact until loss of 
contact with the test article was between 16.36 ft/s and 16.44 ft/s (4.99 m/s and 5.01 m/s), which 
straddles the NCHRP Report No. 350 maximum allowable limit of 16.4 ft/s (5.0 m/s). Therefore, 
test no. BBC-3 (test designation no. 3-60) with the Version 2 brass couplings passed or met the 
TL-3 safety performance criteria provided in NCHRP Report No. 350. 
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• Test Agency ................................................................. MwRSF 
• Test Facility ........................ Valmont-MwRSF/UNL Pendulum 
• Test Number ................................................................... BBC-3 
• Date  .............................................................................. 6/15/10 
• NCHRP Report No. 350 Test Designation No.  ................. 3-60 
• Test Article ........... Brass Couplings (Version 2) and Steel Pole 
• Nominal Height ................................................... 53 ft (16.2 m) 
• Key Component – Tapered Steel Pole 
 Height ......................................................... 50 ft (15.3 m) 
 Bottom Diameter ..................................... 11 in. (279 mm) 
 Thickness .......................................... 10-gauge (3.42 mm) 
• Key Component – Luminaire Mast Arms 
 Length ........................................................... 12 ft (3.7 m) 
 Mounting Height .............................. 49 ft – 7 in. (15.1 m) 
• Key Component – Couplings 
 Material ................................................. ASTM B16 Brass 
 Shape .................................................................. Hexagon 
 Width ..................................................... 1½ in. (38.1 mm) 
 Length ....................................................... 3½ in. (89 mm) 
• Total Installation Mass ...................................... 923 lb (419 kg) 
 Pole ........................................................... 603 lb (273 kg) 
 Arms ......................................................... 321 lb (146 kg) 
• Surrogate Vehicle ...................................................... Pendulum 
 Mass ....................................................... 1,849 lb (839 kg) 
 Impact Head ............................................. Crushable Nose 
 
 
• Impact Conditions 
 Speed  ............................................. 21.8 mph (35.1 km/h) 
 Angle  ....................................................................... 0 deg 
  Impact Height ....................................... 17½ in. (445 mm) 
• Test Article Damage .................................................... Minimal 
• Stub Heights 
 Four Occurrences ..................................... 1¾ in. (44 mm) 
• Transducer Data 
Evaluation 
Criteria 
Transducer NCHRP 
Report 
No. 350 
Limit EDR-3 
DTS 
BF57H CM54H 
Longitudinal 
OIV 
ft/s (m/s) 
NA 
(No occupant 
contact) 
NA 
(No occupant 
contact) 
NA 
(No occupant 
contact) 
≤ 16.4 ft/s 
(5.0) 
Longitudinal 
ORA 
g’s 
NA 
(No occupant 
contact) 
NA 
(No occupant 
contact) 
NA 
(No occupant 
contact) 
≤ 20 g’s 
Max. Vehicle 
ΔV  
ft/s (m/s) 
16.44 
(5.01) 
16.40 
(5.00) 
16.36 
(4.99) 
≤ 16.4 ft/s 
(5.0) 
 
 
 
Figure 40. Summary of Test Results and Sequential Photographs, Test No. BBC-3
0.256 sec0.168 sec0.066 sec0.042 sec0.000 sec 
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0.006 sec 
 
0.024 sec 
 
0.032 sec 
 
0.054 sec 
 
0.068 sec 
 
0.320 sec 
 
0.492 sec 
 
Figure 41. Additional Sequential Photographs, Test No. BBC-3 
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0.006 sec 
 
0.024 sec 
 
0.032 sec 
 
0.048 sec 
 
0.068 sec 
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Figure 42. Additional Sequential Photographs, Test No. BBC-3
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Figure 43. System Damage, Test No. BBC-3
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Figure 44. System Damage, Test No. BBC-3 
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11 PENDULUM TEST NO. BBC-4 
11.1 Test No. BBC-4 
The 1,849-lb (839-kg) pendulum with crushable nose impacted the 53-ft (16.2-m) 
nominal height, steel luminaire pole with dual mast arms, simulated luminaire weights, and 
mounted in 1-in. (25-mm) diameter TRANSPO couplings at a speed of 23.3 mph (37.5 km/h). A 
summary of the test results and sequential photographs are shown in Figure 45. Additional 
sequential photographs are shown in Figures 46 and 47. 
11.2 Weather Conditions 
Test no. BBC-4 was conducted on June 15, 2010 at 1:45 pm. The weather conditions, as 
per the National Oceanic and Atmospheric Administration (station 04924/FET), were 
documented and are shown in Table 18. 
Table 18. Weather Conditions, Test No. BBC-4 
Temperature 75° F 
Humidity 60% 
Wind Speed 8 mph 
Wind Direction 280° from True North 
Sky Conditions Scattered Clouds 
Visibility 10 Statute Miles 
Pavement Surface Dry  
Previous 3-Day Precipitation  3.60 in. 
Previous 7-Day Precipitation  8.72 in. 
 
11.3 Test Description 
The pendulum impacted the pole system at the targeted impact height of 17½ in. (445 
mm). A sequential description of the impact events is contained in Table 19.  
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Table 19. Sequential Description of Impact Events, Test No. BBC-4 
Time (sec) Event Description 
0.000 Impact 
0.008 Contact region of honeycomb element no. 1 was fully compressed. 
0.016 Honeycomb element no. 2 was fully compressed. 
0.024 Honeycomb element no. 3 was fully compressed. 
0.039 Honeycomb element no. 4 was fully compressed. 
0.048 Honeycomb element no. 5 was fully compressed. 
0.059 Honeycomb element no. 6 was fully compressed. 
0.060 Both front couplings fractured at the upper neck. 
0.063 The left-rear coupling fractured at the upper neck, and the right-rear coupling fractured at both neck locations. 
0.160 The pendulum nose lost contact with the pole. 
0.300 The base of the pole contacted the ground. 
0.730 The pendulum impacted the pole a second time on its upswing. 
2.200 The top of the pole was captured by the rope tethers. 
 
11.4 System Damage 
Damage to the steel luminaire pole and TRANSPO couplings is shown in Figures 48 and 
49. The steel pole was dented at the impact height. The base of the pole came to rest 28 ft (8.5 m) 
downstream from the initial attachment location with the top of the pole captured by the tether. 
The top of the pole and the two luminaire arms were bent due to the tether system catching the 
pole as it fell. All four couplings fractured. The right-rear coupling fractured in the lower neck 
location, resulting in a stub height of 3 in. (76 mm). The other three couplings only fractured at 
the upper neck location, resulting in stub heights of 6 in. (152 mm). 
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11.5 Occupant Risk 
The occupant impact velocity (OIV) and maximum 0.010-sec occupant ridedown 
acceleration (ORA) were not calculated since the hypothetical occupant did not contact the 
dashboard within the time the pole was in contact with the vehicle. However, as described in 
Section 3.2, the pendulum’s change in longitudinal velocity throughout the impact event was 
recorded and compared against the NCHRP Report No. 350 OIV maximum allowable limit of 
16.4 ft/s (5.0 m/s). The calculated change in velocity of 15.22 ft/s (4.64 m/s) was within the 
acceptable limit established by NCHRP Report No. 350, as shown in Table 20. The recorded 
data from the accelerometers are shown graphically in Appendix E. 
Table 20. Occupant Risk Summary, Test No. BBC-4 
Evaluation Criteria 
Transducer 
NCHRP 
Report No. 
350 Limit EDR-3 
DTS 
BF57H CM54H 
Longitudinal OIV 
ft/s (m/s) 
NA 
(No occupant 
contact) 
NA 
(No occupant 
contact) 
NA 
(No occupant 
contact) 
≤ 16.4  
(5.0) 
Longitudinal ORA 
g’s 
NA 
(No occupant 
contact) 
NA 
(No occupant 
contact) 
NA 
(No occupant 
contact) 
≤ 20  
MaximumVehicle 
ΔV 
 ft/s (m/s) 
14.99 
(4.57) 
15.22 
(4.64) 
15.22 
(4.64) 
≤ 16.4  
(5.0) 
 
11.6 Discussion 
The analysis of the results for test no. BBC-4 showed that the 53-ft (16.2-m) nominal 
height, steel luminaire pole system with dual mast arms and mounted on TRANSPO Industries, 
Inc.’s Pole-Safe couplings broke away in a controlled and predictable manner. The high-speed 
video illustrated that the vehicle would pass underneath the pole before the luminaire system fell 
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to the ground. Therefore, the pole did not show a propensity to cause excessive deformations to 
the occupant compartment after it broke away. The change in velocity of the pendulum mass 
from initial impact until loss of contact with the test article was 15.22 ft/s (4.64 m/s), which falls 
below the 16.4 ft/s (5.0 m/s) maximum allowable limit established by NCHRP Report No. 350. 
Three of the couplings fractured at the upper neck location, resulting in stub heights of 6 in. (152 
mm), which exceeded the 4-in. (100-mm) limit established by AASHTO’s Standard 
Specifications for Structural Supports for Highway Signs, Luminaires, and Traffic Signals, Fifth 
Edition [2]. However, the TRANSPO couplings have been accepted by FHWA for use based on 
full-scale crash testing [9-10]. Therefore, test no. BBC-4 (test designation no. 3-60) with the 
TRANSPO Pole-Safe couplings passed the TL-3 safety performance criteria provided in NCHRP 
Report No. 350. 
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• Test Agency ................................................................. MwRSF 
• Test Facility ........................ Valmont-MwRSF/UNL Pendulum 
• Test Number ................................................................... BBC-4 
• Date  .............................................................................. 6/15/10 
• NCHRP Report No. 350 Test Designation No.  ................. 3-60 
• Test Article .... TRANSPO 1 in. (25 mm) Couplings, Steel Pole 
• Nominal Luminaire Height ................................. 53 ft (16.2 m) 
• Key Component – Tapered Steel Pole 
 Height ......................................................... 50 ft (15.3 m) 
 Bottom Diameter ..................................... 11 in. (279 mm) 
 Thickness .......................................... 10 gauge (3.42 mm) 
• Key Component – Luminaire Mast Arm 
 Length ........................................................... 12 ft (3.7 m) 
 Mounting Height .............................. 49 ft – 7 in. (15.1 m) 
• Key Component – Coupling 
 Type ..........................TRANSPO Pole-Safe Double-Neck 
 Diameter ...................................................... 1 in. (25 mm) 
• Total Installation Mass ...................................... 923 lb (419 kg) 
 Pole ........................................................... 602 lb (273 kg) 
 Arms ......................................................... 321 lb (146 kg) 
• Surrogate Vehicle ...................................................... Pendulum 
 Mass ....................................................... 1,849 lb (839 kg) 
 Impact Head ............................................. Crushable Nose 
 
 
• Impact Conditions 
 Speed  ............................................. 23.3 mph (37.5 km/h) 
 Angle  ....................................................................... 0 deg 
  Impact Height ....................................... 17½ in. (445 mm) 
• Test Article Damage .................................................... Minimal 
• Stub Heights 
 Three Occurrences ..................................... 6 in. (152 mm) 
 One Occurrence ........................................... 3 in. (76 mm) 
• Transducer Data 
Evaluation 
Criteria 
Transducer NCHRP 
Report 
No. 350 
Limit 
EDR-3 
DTS 
BF57H CM54H 
Longitudinal 
OIV 
ft/s (m/s) 
NA 
(No occupant 
contact) 
NA 
(No occupant 
contact) 
NA 
(No occupant 
contact) 
≤ 16.4 ft/s 
(5.0) 
Longitudinal 
ORA 
g’s 
NA 
(No occupant 
contact) 
NA 
(No occupant 
contact) 
NA 
(No occupant 
contact) 
≤ 20 g’s 
Max. Vehicle 
ΔV  
ft/s (m/s) 
14.99 
(4.57) 
15.22 
(4.64) 
15.22 
(4.64) 
≤ 16.4 ft/s 
(5.0) 
 
Figure 45. Summary of Test Results and Sequential Photographs, Test No. BBC-4
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Figure 46. Additional Sequential Photographs, Test No. BBC-4 
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Figure 47. Additional Sequential Photographs, Test No. BBC-4
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Figure 48. System Damage, Test No. BBC-4 
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Figure 49. System Damage, Test No. BBC-4 
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12 PENDULUM TEST NO. BBC-5 
12.1 Test No. BBC-5 
The 1,849-lb (839-kg) pendulum with crushable nose impacted the 30-ft (9.1-m) nominal 
height, aluminum luminaire pole with single mast arm, simulated luminaire weights, and 
mounted on brass breakaway couplings (Version 2) at a speed of 21.8 mph (35.1 km/h). A 
summary of the test results and sequential photographs are shown in Figure 50. Additional 
sequential photographs are shown in Figures 51 and 52. 
12.2 Weather Conditions 
Test no. BBC-5 was conducted on June 15, 2010 at 3:30 pm. The weather conditions, as 
per the National Oceanic and Atmospheric Administration (station 04924/FET), were 
documented and are shown in Table 21. 
Table 21. Weather Conditions, Test No. BBC-5 
Temperature 77° F 
Humidity 52% 
Wind Speed 11 mph 
Wind Direction 270° from True North 
Sky Conditions Scattered Clouds 
Visibility 10 Statute Miles 
Pavement Surface Dry  
Previous 3-Day Precipitation  3.60 in. 
Previous 7-Day Precipitation  8.72 in. 
 
12.3 Test Description 
The pendulum impacted the pole system at the targeted impact height of 17½ in. (445 
mm). A sequential description of the impact events is contained in Table 22. 
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Table 22. Sequential Description of Impact Events, Test No. BBC-5 
Time (sec) Event Description 
0.000 Impact 
0.008 Contact region of honeycomb element no. 1 was fully compressed. 
0.014 Honeycomb element no. 2 was fully compressed. 
0.025 Honeycomb element no. 3 was fully compressed. 
0.037 Honeycomb element no. 4 was fully compressed. 
0.044 Both front couplings fractured. 
0.050 Both rear couplings fractured in the middle notch region. 
0.144 The pendulum lost contact with the pole. 
0.759 The pendulum impacted the pole a second time on its upswing, while the rope tethers caught the top of the pole.  
2.552 The luminaire arm twisted off the tethers. 
3.828 The pole fell to the ground. 
 
12.4 System Damage 
Damage to the luminaire pole and brass couplings (Version 2) is shown in Figure 53. The 
aluminum pole was slightly dented at the impact location. The base of the pole came to rest 32 ft 
(9.8. m) downstream from the initial attachment location with the top of the pole lying near the 
simulated rigid foundation. All four brass couplings fractured through the center notch, resulting 
in stub heights of 1¾ in. (44 mm). 
12.5 Occupant Risk 
The occupant impact velocity (OIV) and maximum 0.010-sec occupant ridedown 
acceleration (ORA) were not calculated since the hypothetical occupant did not contact the 
dashboard within the time the pole was in contact with the vehicle. However, as described in 
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Section 3.2, the pendulum’s change in longitudinal velocity throughout the impact event was 
recorded and compared against the NCHRP Report No. 350 OIV maximum allowable limit of 
16.4 ft/s (5.0 m/s). The calculated change in velocity of 10.24 ft/s (3.12 m/s) was within the 
acceptable limit, as shown in Table 23. The recorded accelerometer data are shown graphically 
in Appendix F. 
Table 23. Occupant Risk Summary, Test No. BBC-5 
Evaluation Criteria 
Transducer 
NCHRP 
Report No. 
350 Limit EDR-3 
DTS 
BF57H CM54H 
Longitudinal OIV 
ft/s (m/s) 
NA 
(No occupant 
contact) 
NA 
(No occupant 
contact) 
NA 
(No occupant 
contact) 
≤ 16.4  
(5.0) 
Longitudinal ORA 
g’s 
NA 
(No occupant 
contact) 
NA 
(No occupant 
contact) 
NA 
(No occupant 
contact) 
≤ 20  
Maximum Vehicle 
ΔV 
 ft/s (m/s) 
10.59 
(3.23) 
10.24 
(3.12) 
10.24 
(3.12) 
≤ 16.4  
(5.0) 
 
12.6 Discussion 
The analysis of the results for test no. BBC-5 showed that the 30-ft (9.1-m) nominal 
height, aluminum luminaire pole system with a single mast arm and mounted on the brass 
couplings (Version 2) broke away in a controlled and predictable manner. The high-speed video 
illustrated that the vehicle would pass underneath the pole before the luminaire system fell to the 
ground. Therefore, the pole did not show a propensity to cause excessive deformations to the 
occupant compartment after it broke away. The change in velocity of the pendulum throughout 
the impact event was 10.24 ft/s (3.12 m/s), falling under the NCHRP Report No. 350 maximum 
allowable limit of 16.4 ft/s (5.0 m/s). All four couplings fractured through the notch, thus leaving 
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stub heights of 1¾ in. (44 mm), which falls below the 4-in. (100-mm) limit. Therefore, test no. 
BBC-5 (test designation no. 3-60) with brass breakaway couplings (Version 2) passed the TL-3 
safety performance criteria provided in NCHRP Report No. 350. 
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• Test Agency ................................................................. MwRSF 
• Test Facility ........................ Valmont-MwRSF/UNL Pendulum 
• Test Number ................................................................... BBC-5 
• Date  .............................................................................. 6/15/10 
• NCHRP Report No. 350 Test Designation No.  ................. 3-60 
• Test Article .. Brass Couplings (Version 2) and Aluminum Pole 
• Nominal Luminaire Height ................................... 30 ft (9.1 m) 
• Key Component – Tapered Aluminum Pole 
 Height ................................................ 27 ft – 8 in. (8.4 m) 
 Bottom Diameter ....................................... 8 in. (203 mm) 
 Thickness ................................................... ¼ in. (6.4 mm) 
• Key Component – Luminaire Mast Arm 
 Length ................................................... 68 in. (1,727 mm) 
 Mounting Height ................................ 27 ft – 8 in. (8.4 m) 
• Key Component –  Couplings 
 Material ................................................. ASTM B16 Brass 
 Shape .................................................................. Hexagon 
 Size ........................................................... 1½ in. (38 mm) 
 Length ....................................................... 3½ in. (89 mm) 
• Total Installation Mass ...................................... 259 lb (118 kg) 
 Pole ............................................................. 169 lb (77 kg) 
 Arm ............................................................... 90 lb (41 kg) 
• Surrogate Vehicle ...................................................... Pendulum 
 Mass ....................................................... 1,849 lb (839 kg) 
 Impact Head ............................................. Crushable Nose 
 
• Impact Conditions 
 Speed  ............................................. 21.8 mph (35.1 km/h) 
 Angle  ....................................................................... 0 deg 
  Impact Height ....................................... 17½ in. (445 mm) 
• Test Article Damage ................................................... Moderate 
• Stub Heights 
 Four Occurrences ..................................... 1¾ in. (44 mm) 
• Transducer Data 
Evaluation 
Criteria 
Transducer NCHRP 
Report 
No. 350 
Limit 
EDR-3 
DTS 
BF57H CM54H 
Longitudinal 
OIV 
ft/s (m/s) 
NA 
(No occupant 
contact) 
NA 
(No occupant 
contact) 
NA 
(No occupant 
contact) 
≤ 16.4 ft/s 
(5.0) 
Longitudinal 
ORA 
g’s 
NA 
(No occupant 
contact) 
NA 
(No occupant 
contact) 
NA 
(No occupant 
contact) 
≤ 20 g’s 
Max. Vehicle 
ΔV  
ft/s (m/s) 
10.59 
(3.23) 
10.24 
(3.12) 
10.24 
(3.12) 
≤ 16.4 ft/s 
(5.0) 
 
 
Figure 50. Summary of Test Results and Sequential Photographs, Test No. BBC-5
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Figure 51. Additional Sequential Photographs, Test No. BBC-5 
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Figure 52. Additional Sequential Photographs, Test No. BBC-5 
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Figure 53. System Damage, Test No. BBC-5 
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13 SUMMARY OF ROUND 2 TESTING 
During the Round 2 testing program, the modified breakaway brass coupling (Version 2) 
was evaluated using the Tl-3 safety performance criteria provided in NCHRP Report No. 350 
and then compared to TRANSPO’s 1-in. (25-mm) diameter Pole-Safe, Double-Neck couplings. 
A summary of the test evaluations is provided in Table 24. 
In test no. BBC-3, the Version 2 brass couplings supported a 53-ft (16.2-m) nominal 
height, 10-gauge (3.42-mm) thick, steel luminaire pole with dual mast arms. During this test, all 
four of the brass couplings fractured, and the pole broke away in a controlled and predicted 
manner. The calculated change in velocity from several accelerometers was at the NCHRP 
Report No. 350 limit of 16.4 ft/s (5.0 m/s), ranging from 16.36 to 16.44 ft/s (4.99 to 5.01 m/s). 
As a result, the test results were determined to marginally pass the TL-3 safety performance 
criteria found in NCHRP Report No. 350. These results were then used to extrapolate the change 
in velocity for a high-speed test (test designation no. 3-61) using the published extrapolation 
equations. These calculations resulted in a change in velocity of 18.49 ft/s (5.64 m/s), which 
exceeds the maximum allowable limit. The extrapolation equation calculations are detailed in 
Chapter 18. 
In test no. BBC-4, the same heavy steel pole was mounted to a set of previously-tested 
and FHWA-accepted couplings, TRANSPO’s Pole-Safe, Double-Neck couplings. Upon impact, 
all four of the couplings fractured, resulting in stub heights ranging between 3 and 6 in. (76 and 
152 mm). From an analysis of the test data, a change in velocity of 15.22 ft/s (4.64 m/s) was 
obtained, thus satisfying the maximum allowable limit. When this test result was utilized in the 
extrapolation equation, the high-speed change in velocity was found to be 18.19 ft/s (5.54 m/s), 
which exceeded the limit of 16.4 ft/s (5.0 m/s). These calculations are detailed in Chapter 18. 
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Two findings were obtained from the results of test nos. BBC-3 and BBC-4. First, the 
Version 2 breakaway brass couplings showed significant improvement for reducing the impact 
loads and velocity changes. However, the brass coupling did not break away as quickly as the 
TRANSPO coupling. As a result, the brass couplings were again modified for another round of 
testing. Second, the heavy, steel luminaire pole selected by the ILDOT had too much rotational 
inertia to satisfy the change in velocity requirement when using the high-speed extrapolation 
procedure. Even the TRANSPO Pole-Safe coupling, a tested and FHWA-accepted coupling, did 
not satisfy the change in velocity requirements for a high-speed test when using the extrapolation 
equation. Therefore, a different luminaire pole would be necessary to establish the upper bound 
of acceptable configurations for use with the brass couplings. Both the modifications to the brass 
coupling and the new pole selections are detailed in Chapter 14. 
In test no. BBC-5, the Version 2 brass couplings were used to support a 30-ft (9.1-m) 
nominal height, ¼-in. (6.4-mm) thick, aluminum luminaire pole. The pole broke away in a 
controlled, predictable manner. An analysis of the test results revealed a change in velocity of 
10.24 ft/s (3.12 m/s), satisfying the NCHRP Report No. 350 maximum allowable limit of 16.4 
ft/s (5.0 m/s). Further, the extrapolation equation was used to calculate a change in longitudinal 
velocity of 7.61 ft/s (2.32 m/s). Therefore, the test results satisfied the safety performance 
requirements, and the tested system can be identified as the smallest and weakest of the 
luminaire poles for which the brass couplings are appropriate. In other words, aluminum poles 
with a thickness of at least ¼ in. (6.4 mm) and a base diameter of at least 8 in. (203 mm) would 
be approved for use with the breakaway brass couplings. The brass couplings used in test no. 
BBC-5 were not the final version of the couplings. However, the difference between Version 2 
and Version 3 (as described later) only improves its ability to breakaway by lowering the fracture 
loads. Thus, the Version 3 brass couplings would perform just as well, if not better, than the 
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version 2 couplings, and the system evaluated in test no. BBC-5 would still satisfy the Tl-3 
safety performance criteria provided in NCHRP Report No. 350. 
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Table 24. Summary of Safety Performance Evaluation Results, Round 2 Testing Program 
NCHRP Report No. 350 Criteria 
Test No. 
BBC-3 
Test No. 
BBC-4 
Test No. 
BBC-5 
Structural 
Adequacy 
C. The test article should readily activate in a predictable manner by breaking away, fracturing or 
yielding. S S S 
Occupant 
Risk 
E. Detached elements, fragments or other debris from the test article should not penetrate or show 
potential for penetrating the occupant compartment or present an undue hazard to other traffic, 
pedestrians, or personnel in a work zone. Deformations of, or intrusions into, the occupant 
compartment that could cause serious injury should not be permitted. See discussion in Section 
5.3 and Appendix E of NCHRP Report No. 350. 
S S S 
G. The vehicle should remain upright during and after collision although moderate roll, pitch, and 
yaw are acceptable. NA NA NA 
J. Occupant Impact Velocity (OIV) (see Appendix A, Section A5.3 of NCHRP Report No. 350 for 
calculation procedure) should satisfy the following: 
S S S 
 
Occupant Impact Velocity Limits 
Component Preferred Maximum 
Longitudinal 9.8 ft/s (3.0 m/s) 16.4 ft/s (5.0 m/s) 
K. The Occupant Ridedown Acceleration (ORA) (see Appendix A, Section A5.3 of NCHRP Report 
No. 350 for calculation procedure) should satisfy the following: 
NA NA NA 
 
Occupant Ridedown Acceleration Limits 
Component Preferred Maximum 
Longitudinal and Lateral 15 g’s 20 g’s 
Vehicle 
Trajectory 
L. After collision it is preferable that the vehicle’s trajectory not intrude into adjacent traffic lanes. NA NA NA 
O. Vehicle trajectory behind the test article is acceptable S S S 
AASHTO Fifth Edition Additional Criteria  
Structural 
Adequacy 
Substantial remains of breakaway supports shall not project more than 4 in. (100 mm) above a line 
between straddling wheels of a vehicle on 60 in. (1500 mm) centers. The line connects any point 
on the ground surface one side of the support to a point on the ground surface on the other side, 
and it is aligned radially or perpendicularly to the centerline of the roadway. 
S S S 
The maximum mass of combined luminaire support and fixtures attached to breakaway supports 
shall be limited to 992 lb (450 kg). Any increase in these limits are to be based on full-scale crash 
testing and an investigation on the range of the roof crush characteristics that go beyond the 
recommended testing procedures of NCHRP Report No. 350. 
S S S 
S- Satisfactory      U-Unsatisfactory     NA-Not Applicable 
December 22, 2010  
MwRSF Report No. TRP-03-248-10 
101 
14 TEST INSTALLATION DETAILS – ROUND 3 
14.1 Breakaway Brass Couplings (Version 3), Test Nos. BBC-6 and BBC-7 
Following a review and analysis of the results from test nos. BBC-3 and BBC-4, as 
discussed in Chapter 13, it was evident that the Version 2 breakaway brass couplings did not 
fracture quickly enough and/or resisted too high of an impact load. Therefore, further research 
and component testing was undertaken, and the Version 3 brass coupling was developed. The top 
segment of the Version 3 brass coupling was extended from 1¾ in. (44 mm) to 3½ in. (89 mm), 
resulting in an overall height of 5¼ in. (133 mm). The notch size and its distance to the bottom of 
the coupling remained the same. The longer top segment served to provide a longer moment arm 
between the luminaire pole’s base plate and the notch. Thus, under lateral loading from a vehicle 
impact, higher bending forces would be imparted to the notched cross section of the coupling, 
causing fracture and lower impact loads. Version 3 of the brass couplings is detailed in Figure 54 
and shown in Figure 55. 
14.2 Luminaire Poles 
After analyzing the results from test nos. BBC-3 and BBC-4, the heavy, steel luminaire 
pole was deemed to have too much mass and rotational inertia to satisfy the change in velocity 
limits of NCHRP Report No. 350, specifically for test designation no. 3-61. When considering 
the parameters in the high-speed extrapolation equation, as detailed in Chapter 18, the inertial 
contribution of this heavy steel luminaire pole to the change in velocity made it difficult to obtain 
a successful high-speed test result. Therefore, a shorter and lighter steel luminaire pole was 
selected for further testing with the brass coupling.  
However, ILDOT personnel still desired to use the brass couplings when taller luminaire 
poles were warranted. Traditionally, the height and weight of an as-tested luminaire pole system 
became the upper bounds for acceptable configurations. Thus, a taller pole was needed for 
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testing to gain acceptance of the brass couplings in such instances. Although using steel poles 
appeared to be limited to only shorter installations, opting to use an aluminum pole would result 
in a reduction in both weight and rotational inertia when compared to similar-sized steel poles. 
With these reductions, a tall aluminum pole would likely satisfy the safety performance criteria 
and was selected for testing. 
For test nos. BBC-6 and BBC-7, ropes were used to tether the top of the pole to the 
pendulum support structure. The ropes allowed the top of the pole to fall about 10 ft (3 m) from 
its original position before it was caught. Thus, the tether did not inhibit the freefall/rotation of 
the pole until after the impact event. 
14.2.1 Steel Luminaire Pole, Test No. BBC-6 
The selected steel luminaire pole had a 45-ft (13.7-m) nominal mounting height, as 
shown in Figure 56. The pole was a 7-gauge (4.55-mm thick), 40-ft (12.2-m) long shaft with top 
and bottom diameters of 4½ in. (114 mm) and 10 in. (254 mm), respectively. The base plate was 
a 1¼ in. (32 mm) thick by 14 in. (356 mm) square. The bolt circle was 13½ in. (343 mm) in 
diameter. Dual 15-ft (4.6-m) truss arms were attached to the top of the pole. The poled weighed 
571 lb (259 kg), while the arms and simulated luminaires weighed 329 lb (149 kg). The total 
weight of the luminaire pole system was 900 lb (409 kg). 
14.2.2 Aluminum Luminaire Pole, Test No. BBC-7 
The selected aluminum luminaire pole had a 55-ft (16.8-m) nominal mounting height, as 
shown in Figures 57 and 58. The pole shaft was 50-ft (15.2-m) long, 5/16-in. (8-mm) thick, and 
had top and bottom diameters of 6 in. (152 mm) and 10 in. (254 mm), respectively. The base 
plate was a 1¼ in. (32 cm) thick by 14 in. (356 mm) square. The bolt circle was 15 in. (381 mm) 
in diameter. Dual 15-ft (4.6-m) truss arms were attached to top of the pole. The poled weighed 
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536 lb (243 kg), while the arms with simulated luminaires weighed 219 lb (99 kg). The total 
weight of the luminaire pole system was 755 lb (343 kg). 
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Figure 54. Version 3 Brass Coupling Details, Test Nos. BBC-6 and BBC-7 
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Figure 55. Version 3 Brass Couplings, Test Nos. BBC-6 and BBC-7 
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Figure 56. Steel Luminaire Pole, Test No. BBC-6 
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Figure 57. Aluminum Luminaire Pole Details, Test No. BBC-7 
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Figure 58. Aluminum Luminaire Arm Details, Test No. BBC-7 
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Figure 59. Assembled Test Installation, Test No. BBC-6 
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Figure 60. Assembled Test Installation, Test No. BBC-7 
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15 PENDULUM TEST NO. BBC-6 
15.1 Test No. BBC-6 
The 1,882-lb (854-kg) pendulum with crushable nose impacted the 45-ft (13.7-m) 
nominal height, steel luminaire pole with dual mast arms, simulated luminaire weights, and 
mounted on breakaway brass couplings (Version 3) at a speed of 22.2 mph (35.8 km/h). A 
summary of the test results and sequential photographs are shown in Figure 61. Additional 
sequential photographs are shown in Figures 62 and 63. 
15.2 Weather Conditions 
Test no. BBC-6 was conducted on December 1, 2010 at 1:00 pm. The weather conditions, 
as per the National Oceanic and Atmospheric Administration (station 04924/FET), were 
documented and are shown in Table 25. 
Table 25. Weather Conditions, Test No. BBC-6 
Temperature 28° F 
Humidity 56% 
Wind Speed 10 mph 
Wind Direction 280° from True North 
Sky Conditions Clear 
Visibility 10 Statute Miles 
Pavement Surface Dry  
Previous 3-Day Precipitation  0.0 in. 
Previous 7-Day Precipitation  0.0 in. 
 
15.3 Test Description 
The pendulum impacted the pole system at the targeted impact height of 17½ in. (445 
mm). A sequential description of the impact events is contained in Table 26. 
 
December 22, 2010  
MwRSF Report No. TRP-03-248-10 
 
112 
Table 26. Sequential Description of Impact Events, Test No. BBC-6 
Time (sec) Event Description 
0.000 Impact 
0.010 Contact region of honeycomb element no. 1 was fully compressed. 
0.017 Honeycomb element no. 2 was fully compressed. 
0.028 Honeycomb element no. 3 was fully compressed. 
0.038 Honeycomb element no. 4 was fully compressed. 
0.044 Honeycomb element no. 5 was fully compressed. 
0.048 Honeycomb element no. 6 was fully compressed. 
0.056 The two front couplings fractured. 
0.057 Honeycomb element no. 7 was fully compressed. 
0.061 The two back couplings fractured. 
0.190 The base of the pole contacted the ground as the pole rotated away from the impacting pendulum. 
0.240 The pendulum lost contact with the pole. 
0.622 The pendulum impacted the pole for a second time on its upswing. 
1.400 The top of the pole was caught by the tether ropes. 
 
15.4 System Damage 
Damage to the luminaire pole and brass couplings is shown in Figures 64 and 65. The 
luminaire arms were bent slightly forward from when the tethers caught the pole as it fell.  The 
base of the pole came to rest 20 ft (6.1 m) downstream from the initial attachment location with 
the top of the pole captured by the tether system. All four brass couplings fractured through the 
notch, thus, leaving stub heights of 1¾ in. (44 mm). 
December 22, 2010  
MwRSF Report No. TRP-03-248-10 
 
113 
15.5 Occupant Risk 
The occupant impact velocity (OIV) and maximum 0.010-sec occupant ridedown 
acceleration (ORA) were not calculated since the hypothetical occupant did not contact the 
dashboard within the time that the pole was in contact with the vehicle. However, as described in 
Section 3.2, the pendulum’s change in velocity throughout the impact event was recorded and 
compared against the NCHRP Report No. 350 OIV maximum allowable limit of 16.4 ft/s (5.0 
m/s). The calculated longitudinal change in velocity satisfied the NCHRP Report No. 350 limit 
using each of the accelerometer transducers, as shown in Table 27. The recorded data from the 
accelerometers are shown graphically in Appendix G. 
Table 27. Occupant Risk Summary, Test No. BBC-6 
Evaluation Criteria 
Transducer NCHRP 
Report No. 
350 Limit EDR-3 
DTS 
BF57H CM54H 
Longitudinal OIV 
ft/s (m/s) 
NA 
(No occupant 
contact) 
NA 
(No occupant 
contact) 
NA 
(No occupant 
contact) 
≤ 16.4  
(5.0) 
Longitudinal ORA 
g’s 
NA 
(No occupant 
contact) 
NA 
(No occupant 
contact) 
NA 
(No occupant 
contact) 
≤ 20  
MaximumVehicle 
ΔV 
 ft/s (m/s) 
13.39 
(4.08) 
12.96 
(3.95) 
13.25 
(4.04) 
≤ 16.4  
(5.0) 
 
15.6 Discussion 
The analysis of the results for test no. BBC-6 showed that the 45-ft (13.7-m) nominal 
height, steel luminaire pole with dual mast arms and mounted on the Version 3 brass couplings 
broke away in a controlled and predictable manner. The high-speed video illustrated that the 
vehicle would pass underneath the luminaire pole before it fell to the ground. Therefore, the pole 
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did not show a propensity to cause excessive deformations to the occupant compartment after it 
broke away. The change in velocity of the pendulum mass from initial impact until loss of 
contact with the test article was 13.25 ft/s (4.04 m/s), which satisfied the NCHRP Report No. 350 
maximum allowable limit of 16.4 ft/s (5.0 m/s). Therefore, test no. BBC-6 (test designation no. 
3-60) with Version 3 brass couplings passed the TL-3 safety performance criteria provided in 
NCHRP Report No. 350. 
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• Test Agency ................................................................. MwRSF 
• Test Facility ........................ Valmont-MwRSF/UNL Pendulum 
• Test Number ................................................................... BBC-6 
• Date  .............................................................................. 12/1/10 
• NCHRP Report No. 350 Test Designation No ................... 3-60 
• Test Article ........... Brass Couplings (Version 3) and Steel Pole 
• Nominal Height ................................................... 45 ft (13.7 m) 
• Key Component – Tapered Steel Pole 
 Height ......................................................... 40 ft (12.2 m) 
 Bottom Diameter ..................................... 10 in. (254 mm) 
 Thickness ............................................ 7 gauge (4.55 mm) 
• Key Component – Luminaire Mast Arms 
 Length ........................................................... 15 ft (4.6 m) 
 Mounting Height ............................... 39 ft - 6 in. (12.0 m) 
• Key Component – Brass Couplings (Version 3) 
 Material ................................................. ASTM B16 Brass 
 Shape .................................................................. Hexagon 
 Width ..................................................... 1½ in. (38.1 mm) 
 Length ..................................................... 5¼ in. (133 mm) 
• Total Installation Mass ...................................... 900 lb (409 kg) 
 Pole ........................................................... 571 lb (259 kg) 
 Arms ......................................................... 329 lb (149 kg) 
• Surrogate Vehicle ...................................................... Pendulum 
 Mass ....................................................... 1,882 lb (854 kg) 
 Impact Head ............................................. Crushable Nose 
 
 
• Impact Conditions 
 Speed  ............................................. 22.2 mph (35.8 km/h) 
 Angle  ....................................................................... 0 deg 
  Impact Height ....................................... 17½ in. (445 mm) 
• Stub Heights 
 Four Occurrences ..................................... 1¾ in. (44 mm) 
• Test Article Damage .................................................... Minimal 
• Transducer Data 
Evaluation 
Criteria 
Transducer NCHRP 
Report 
No. 350 
Limit EDR-3 
DTS 
BF57H CM54H 
Longitudinal 
OIV 
ft/s (m/s) 
NA 
(No occupant 
contact) 
NA 
(No occupant 
contact) 
NA 
(No occupant 
contact) 
≤ 16.4 ft/s 
(5.0) 
Longitudinal 
ORA 
g’s 
NA 
(No occupant 
contact) 
NA 
(No occupant 
contact) 
NA 
(No occupant 
contact) 
≤ 20 g’s 
Max. Vehicle 
ΔV  
ft/s (m/s) 
13.39 
(4.08) 
12.96 
(3.95) 
13.25 
(4.04) 
≤ 16.4 ft/s 
(5.0) 
 
 
 
Figure 61. Summary of Test Results and Sequential Photographs, Test No. BBC-6
0.190 sec0.062 sec0.060 sec0.029 sec0.000 sec 
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0.000 sec 
 
0.060 sec 
 
0.102 sec 
 
0.178 sec 
 
0.240 sec 
 
0.380 sec 
 
0.460 sec 
 
0.622 sec 
 
 
Figure 62. Additional Sequential Photographs, Test No. BBC-6 
December 22, 2010  
MwRSF Report No. TRP-03-248-10 
117 
 
0.000 sec 
 
0.067 sec 
 
0.133sec 
 
0.200 sec 
 
0.534 sec 
 
0.801 sec 
 
1.134 sec 
 
1.267 sec 
 
Figure 63. Additional Sequential Photographs, Test No. BBC-6 
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Figure 64. System Damage, Test No. BBC-6 
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Figure 65. System Damage, Test No. BBC-6 
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16 PENDULUM TEST NO. BBC-7 
16.1 Test No. BBC-7 
The 1,882-lb (854-kg) pendulum with crushable nose impacted the 55-ft (16.8-m) 
nominal height, aluminum luminaire pole with dual mast arms, simulated luminaire weights, and 
mounted on breakaway brass couplings (Version 3) at a speed of 21.8 mph (35.1 km/h). A 
summary of the test results and sequential photographs are shown in Figure 66. Additional 
sequential photographs are shown in Figures 67 and 68. 
16.2 Weather Conditions 
Test no. BBC-7 was conducted on December 1, 2010 at 2:30 pm. The weather conditions, 
as per the National Oceanic and Atmospheric Administration (station 04924/FET), were 
documented and are shown in Table 28. 
Table 28. Weather Conditions, Test No. BBC-7 
Temperature 29° F 
Humidity 56% 
Wind Speed 9 mph 
Wind Direction 240° from True North 
Sky Conditions Clear 
Visibility 10 Statute Miles 
Pavement Surface Dry  
Previous 3-Day Precipitation  0.0 in. 
Previous 7-Day Precipitation  0.0 in. 
 
16.3 Test Description 
The pendulum impacted the pole system at the targeted impact height of 17½ in. (445 
mm). A sequential description of the impact events is contained in Table 29. 
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Table 29. Sequential Description of Impact Events, Test No. BBC-7 
Time (sec) Event Description 
0.000 Impact 
0.009 Contact region of honeycomb element no. 1 was fully compressed. 
0.017 Honeycomb element no. 2 was fully compressed. 
0.026 Honeycomb element no. 3 was fully compressed. 
0.033 Honeycomb element no. 4 was fully compressed. 
0.045 Honeycomb element no. 5 was fully compressed. 
0.048 The left-front coupling fractured. 
0.049 The right-front coupling fractured. 
0.052 The right-rear coupling fractured. 
0.053 The left-rear coupling fractured. 
0.055 Honeycomb element no. 6 was fully compressed. 
0.222 The pendulum lost contact with the pole. 
0.264 The base of the pole contacted the ground as the pole rotated away from its initial mounting location. 
0.556 The pendulum impacted the pole for a second time on its upswing. 
1.724 The top of the pole was caught by the tether ropes. 
1.931 The left luminaire arm bent near the arm simplex due to the impact load caused by the tethers. 
2.214 The left luminaire arm fractured away from the arm simplex. 
3.034 The left luminaire arm contacted the ground after fracturing off the pole. 
 
16.4 System Damage 
Damage to the luminaire pole and brass couplings is shown in Figures 69 through 71. The 
pole came to rest with its base 31.5 ft (9.6 m) downstream from the initial impact location, while 
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the top of the pole was captured by the tether system. All four brass couplings fractured through 
the notch, resulting in stub heights of 1¾ in. (44 mm). The left luminaire arm fractured near the 
arm simplex due to the tether catching the pole as it fell. The left arm came to rest approximately 
15 ft (4.6 m) upstream of impact. 
16.5 Occupant Risk 
The occupant impact velocity (OIV) and maximum 0.010-sec occupant ridedown 
acceleration (ORA) were not calculated since the hypothetical occupant did not contact the 
dashboard within the time that the pole was in contact with the vehicle. However, as described in 
Section 3.2, the pendulum’s change in velocity throughout the impact event was recorded and 
compared against the NCHRP Report No. 350 OIV maximum allowable limit of 16.4 ft/s (5.0 
m/s). The calculated change in velocity satisfied the NCHRP Report No. 350 limit using each of 
the accelerometer transducers, as shown in Table 30. The recorded data from the accelerometers 
are shown graphically in Appendix H. 
Table 30. Occupant Risk Summary, Test No. BBC-7 
Evaluation Criteria 
Transducer NCHRP 
Report No. 
350 Limit EDR-3 
DTS 
BF57H CM54H 
Longitudinal OIV 
ft/s (m/s) 
NA 
(No occupant 
contact) 
NA 
(No occupant 
contact) 
NA 
(No occupant 
contact) 
≤ 16.4  
(5.0) 
Longitudinal ORA 
g’s 
NA 
(No occupant 
contact) 
NA 
(No occupant 
contact) 
NA 
(No occupant 
contact) 
≤ 20  
MaximumVehicle 
ΔV 
 ft/s (m/s) 
10.04 
(3.06) 
9.81 
(2.99) 
9.94 
(3.03) 
≤ 16.4  
(5.0) 
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16.6 Discussion 
The analysis of the results for test no. BBC-7 showed that the 55-ft (16.8-m) nominal 
height, aluminum luminaire pole with dual mast arms, simulated luminaire weights, and mounted 
on the Version 3 brass couplings broke away in a controlled and predictable manner. The high-
speed video illustrated that the vehicle would pass underneath the luminaire pole before it fell to 
the ground. Therefore, the pole did not show a propensity to cause excessive deformations to the 
occupant compartment after it broke away. The change in velocity of the pendulum mass from 
initial impact until loss of contact with the test article was 9.94 ft/s (3.06 m/s), which satisfied the 
NCHRP Report No. 350 maximum allowable limit of 16.4 ft/s (5.0 m/s). Therefore, test no. 
BBC-7 (test designation no. 3-60) performed with the Version 3 brass couplings passed the TL-3 
safety performance criteria provided in NCHRP Report No. 350. 
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• Test Agency ................................................................. MwRSF 
• Test Facility ........................ Valmont-MwRSF/UNL Pendulum 
• Test Number ................................................................... BBC-7 
• Date  .............................................................................. 12/1/10 
• NCHRP Report No. 350 Test Designation No.  ................. 3-60 
• Test Article .. Brass Couplings (Version 3) and Aluminum Pole 
• Nominal Height ................................................... 55 ft (16.8 m) 
• Key Component – Tapered Aluminum Pole 
 Height .............................................. 50 ft – 2 in. (15.2 m) 
 Bottom Diameter ..................................... 10 in. (254 mm) 
 Thickness .................................................... 5/16 in. (8 mm) 
• Key Component – Luminaire MastArms 
 Length ........................................................... 15 ft (4.6 m) 
 Mounting Height ............................... 49 ft - 6 in. (15.1 m) 
• Key Component – Brass Couplings (Version 3) 
 Material ................................................. ASTM B16 Brass 
 Shape .................................................................. Hexagon 
 Width ..................................................... 1½ in. (38.1 mm) 
 Length ..................................................... 5¼ in. (133 mm) 
• Total Installation Mass ...................................... 755 lb (343 kg) 
 Pole ........................................................... 536 lb (243 kg) 
 Arms ........................................................... 219 lb (99 kg) 
• Surrogate Vehicle ...................................................... Pendulum 
 Mass ....................................................... 1,882 lb (854 kg) 
 Impact Head ............................................. Crushable Nose 
 
 
• Impact Conditions 
 Speed  ............................................. 21.8 mph (35.1 km/h) 
 Angle  ....................................................................... 0 deg 
  Impact Height ....................................... 17½ in. (445 mm) 
• Test Article Damage .................................................... Minimal 
• Stub Heights 
 Four Occurrences ..................................... 1¾ in. (44 mm) 
• Transducer Data 
Evaluation 
Criteria 
Transducer NCHRP 
Report 
No. 350 
Limit EDR-3 
DTS 
BF57H CM54H 
Longitudinal 
OIV 
ft/s (m/s) 
NA 
(No occupant 
contact) 
NA 
(No occupant 
contact) 
NA 
(No occupant 
contact) 
≤ 16.4 ft/s 
(5.0) 
Longitudinal 
ORA 
g’s 
NA 
(No occupant 
contact) 
NA 
(No occupant 
contact) 
NA 
(No occupant 
contact) 
≤ 20 g’s 
Max. Vehicle 
ΔV  
ft/s (m/s) 
10.04 
(3.06) 
9.81 
(2.99) 
9.94 
(3.03) 
≤ 16.4 ft/s 
(5.0) 
 
 
 
Figure 66. Summary of Test Results and Sequential Photographs, Test No. BBC-7 
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0.054 sec 
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Figure 67. Additional Sequential Photographs, Test No. BBC-7 
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0.200sec 
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Figure 68. Additional Sequential Photographs, Test No. BBC-7 
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Figure 69. System Damage, Test No. BBC-7 
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Figure 70. System Damage, Test No. BBC-7 
December 22, 2010  
MwRSF Report No. TRP-03-248-10 
129 
 
 
 
 
 
 
Figure 71. System Damage, Test No. BBC-7 
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17 ROUND 3 TESTING SUMMARY 
During the Round 3 testing program, two tests were conducted to evaluate the Version 3 
breakaway brass coupling according to the TL-3 safety performance criteria provided in NCHRP 
Report No. 350. The brass couplings were tested and evaluated while supporting both steel and 
aluminum versions of tall, thick luminaire poles in an effort to identify the largest poles for 
which the brass couplings would be appropriate for use. A summary of the testing evaluation is 
provided in Table 31. 
In test no. BBC-6, the Version 3 breakaway brass couplings were used to support a 45-ft 
(13.7-m) nominal height, 7 gauge (4.55-mm thick), 900-lb (409-kg) steel luminaire pole system 
with dual mast arms. During this test, all four couplings fractured, and the pole broke away in a 
controlled and predicted manner. The remaining coupling stub heights measured 1¾ in (44 mm) 
high, thus satisfying the 4-in. (100-mm) maximum limit. Finally, the calculated longitudinal 
change in velocity of 13.25 ft/s (4.04 m/s) satisfied the NCHRP Report No. 350 maximum 
allowable limit of 16.4 ft/s (5.0 m/s). 
In test no. BBC-7, the Version 3 breakaway brass couplings were used in combination 
with a 55-ft (16.8-m) nominal height, 5/16-in. (8-mm) thick, 755-lb (343-kg) aluminum luminaire 
pole system with dual mast arms. Shortly after impact, all four couplings fractured, and the pole 
broke away in a controlled and predicted manner. The remaining coupling stub heights measured 
1¾ in (44 mm) high, thus satisfying the 4-in. (100-mm) maximum limit. The calculated 
longitudinal change in velocity of 9.94 ft/s (3.03 m/s) satisfied the NCHRP Report No. 350 
maximum allowable limit of 16.4 ft/s (5.0 m/s). 
Test nos. BBC-6 and BBC-7 both passed the TL-3 safety performance criteria provided 
in NCHRP Report No. 350 for test designation no. 3-60. Therefore, the results from these two 
December 22, 2010  
MwRSF Report No. TRP-03-248-10 
131 
tests were used to calculate the results of the high-speed test using the high-speed extrapolation 
equation.  These calculations are discussed in Chapter 18. 
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Table 31. Summary of Safety Performance Evaluation Results, Round Three Tests 
NCHRP Report No. 350 Criteria 
Test No. 
BBC-6 
Test No. 
BBC-7 
Structural 
Adequacy D. The test article should readily activate in a predictable manner by breaking away, fracturing or yielding. S S 
Occupant 
Risk 
F. Detached elements, fragments or other debris from the test article should not penetrate or show potential 
for penetrating the occupant compartment or present an undue hazard to other traffic, pedestrians, or 
personnel in a work zone. Deformations of, or intrusions into, the occupant compartment that could cause 
serious injury should not be permitted. See discussion in Section 5.3 and Appendix E of NCHRP Report 
No. 350. 
S S 
H. The vehicle should remain upright during and after collision although moderate roll, pitch, and yaw are 
acceptable. NA NA 
L. Occupant Impact Velocity (OIV) (see Appendix A, Section A5.3 of NCHRP Report No. 350 for 
calculation procedure) should satisfy the following: 
S S 
 
Occupant Impact Velocity Limits 
Component Preferred Maximum 
Longitudinal 9.8 ft/s (3.0 m/s) 16.4 ft/s (5.0 m/s) 
M. The Occupant Ridedown Acceleration (ORA) (see Appendix A, Section A5.3 of NCHRP Report No. 350 
for calculation procedure) should satisfy the following: 
NA NA 
 
Occupant Ridedown Acceleration Limits 
Component Preferred Maximum 
Longitudinal and 
Lateral 15 g’s 20 g’s 
Vehicle 
Trajectory 
M. After collision it is preferable that the vehicle’s trajectory not intrude into adjacent traffic lanes. NA NA 
P. Vehicle trajectory behind the test article is acceptable S S 
AASHTO Fifth Edition Additional Criteria  
Structural 
Adequacy 
Substantial remains of breakaway supports shall not project more than 4 in. (100 mm) above a line between 
straddling wheels of a vehicle on 60 in. (1500 mm) centers. The line connects any point on the ground 
surface one side of the support to a point on the ground surface on the other side, and it is aligned radially 
or perpendicularly to the centerline of the roadway. 
S S 
The maximum mass of combined luminaire support and fixtures attached to breakaway supports shall be 
limited to 992 lb (450 kg). Any increase in these limits are to be based on full-scale crash testing and an 
investigation on the range of the roof crush characteristics that go beyond the recommended testing 
procedures of NCHRP Report No. 350. 
S S 
S- Satisfactory      U-Unsatisfactory     M-Marginal      NA-Not Applicable 
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18 ANALYTICAL EXTRAPOLATION OF HIGH-SPEED TEST RESULTS 
NCHRP Report No. 350 specifies two tests for evaluating breakaway support structures (test 
designation nos. 3-60 and 3-61). However, only the low-speed test (test designation no. 3-60) was 
conducted on each luminaire pole system using the pendulum and crushable nose. The results of the 
high-speed test (test designation no. 3-61) were estimated using the results from the low-speed test 
in combination with an analytical extrapolation method accepted by FHWA. This procedure uses 
the equations shown below and follows the procedure described in the noted references [4-5]. 
ሺ∆ܯܸሻு ൌ
௅ܸ
ுܸ
ሺ∆ܯܸሻ௅ ൅ ܾ ቆ ுܸ െ
௅ܸ
ଶ
ுܸ
ቇ (EQ. 1)
∆ܯܸ = Vehicle momentum change 
 = Vehicle mass (M) x vehicle velocity change ( ሺܸ௅ ௢௥ ுሻ െ ௫ܸሻ 
ሺ∆ܯܸሻ௅ = Measured vehicle momentum change in low-speed test 
ሺ∆ܯܸሻு = Computed vehicle momentum change for high-speed test 
௅ܸ = Measured impact velocity during low-speed test 
ுܸ = Extrapolated change in vehicle velocity for the high-speed test 
ܾ ൌ 1.1 כ ܯ௉ ቆ
ܴଶ
ܴଶ ൅ ܦ଴
ଶቇ 
ܯ௉ = Mass of system 
ܦ଴ = Distance from impact point to system center of mass 
ܴ = Radius of gyration of system about its center of mass 
 
 
Since differing poles, arms, and couplings were incorporated into the various test 
installations, the center of gravity and radius of gyration were calculated for each individual test. 
The values were calculated as an assembly of 4 individual components: (1) the pole; (2) the base 
plate; (3) the luminaire arm; and (4) the luminaire bulb assembly. Due to the taper associated with 
luminaire poles, a 50-segment pole model was developed using the prescribed dimensions. The 
system c.g. and mass moment of inertia were calculated using this model and a lumped mass 
procedure. The radius of gyration, R, was then calculated as the square root of the mass moment of 
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inertia divided by the mass of the system. All system constants used in Equation 1 as well as the 
extrapolation results for the high-speed tests are shown in Table 32. 
Table 32. Summary of High-Speed ΔV Results from Extrapolation Procedures 
System 
Parameters 
Test No. 
BBC-3 
Test No. 
BBC-4 
Test No. 
BBC-5 
Test No. 
BBC-6 
Test No. 
BBC-7 
Coupling Version 2 Brass Coupling 
TRANSPO 
Pole-Safe 
Version 2 
Brass Coupling 
Version 3 
Brass Coupling 
Version 3 
Brass Coupling 
Luminaire 
Type Steel Pole Steel Pole Aluminum Pole Steel Pole Aluminum Pole 
Nominal 
Height 
53 ft 
(16.2 m) 
53 ft 
(16.2 m) 
30 ft 
(9.1 m) 
45 ft 
(13.7 m) 
55 ft 
(16.8 m) 
VL 
31.9 ft/s 
(35.1 km/h) 
34.1 ft/s 
(37.5 km/h) 
31.9 ft/s 
(35.1 km/h) 
32.6 ft/s 
(35.8 km/h) 
31.9 ft/s 
(35.1 km/h) 
VH 
91.1 ft/s 
(100 km/h) 
91.1 ft/s 
(100 km/h) 
91.1 ft/s 
(100 km/h) 
91.1 ft/s 
(100 km/h) 
91.1 ft/s 
(100 km/h) 
Vehicle 
Mass 
1,849 lb 
(839 kg) 
1,849 lb 
(839 kg) 
1,849 lb 
(839 kg) 
1,882 lb 
(854 kg) 
1,882 lb 
(854 kg) 
ΔVL 
(3-60) 
16.40 ft/s 
(5.00 m/s) 
15.22 ft/s 
(4.64 m/s) 
10.24 ft/s 
(3.12 m/s) 
13.25 ft/s 
(4.04 m/s) 
9.94 ft/s 
(3.03 m/s) 
MP 
923 lb 
(419 kg) 
923 lb 
(419 kg) 
259 lb 
(117 kg) 
900 lb 
(409 kg) 
755 lb 
(343 kg) 
System   
c.g. Height 
30.7 ft 
(9.4 m) 
30.7 ft 
(9.4 m) 
17.6 ft 
(5.4 m) 
26.5 ft 
(8.1 m) 
31.7 ft 
(9.7 m) 
Do 
29.3 ft 
(8.9 m) 
29.3 ft 
(8.9 m) 
16.2 ft 
(4.9 m) 
25.0 ft 
(7.6 m) 
30.2 ft 
(9.2 m) 
R 18.7 ft (5.7 m) 
18.7 ft 
(5.7 m) 
11.3 ft 
(3.4 m) 
16.0 ft 
(4.8 m) 
18.8 ft 
(5.7 m) 
ΔVH 
(3-61) 
18.49 ft/s 
(5.64 m/s) 
18.19 ft/s 
(5.54 m/s) 
7.61 ft/s 
(2.32 m/s) 
16.85 ft/s 
(5.14 m/s) 
13.36 ft/s 
(4.07 m/s) 
 
As shown above, the conservative extrapolation procedures were used to determine the high-
speed, longitudinal change in velocity (ΔVH) for three different steel luminaire pole configurations 
December 22, 2010  
MwRSF Report No. TRP-03-248-10 
135 
corresponding to test nos. BBC-3, BBC-4, and BBC-6. From this analysis and for the three specific 
configurations, the ΔVH values were found to exceed the NCHRP Report No. 350 maximum 
allowable limit of 16.4 ft/s (5.0 m/s). As such, these steel luminaire pole configurations did not meet 
the TL-3 safety performance criteria found in NCHRP Report No. 350 when using pendulum testing 
in conjunction with the conservative, high-speed extrapolation procedures. These tall, steel 
luminaire pole systems were found to be too massive to satisfy the ΔVH limits when utilizing the 
conservative extrapolation procedures. 
As discussed previously, the low-speed pendulum tests on the three steel luminaire pole 
configurations resulted in longitudinal changes in velocity (ΔVL) that were equal to or below the 
maximum allowable limit of 16.4 ft/s (5.0 m/s). For the high-speed test condition (test designation 
no. 3-61), full-scale vehicle crash testing can be used in lieu of the conservative, high-speed 
extrapolation procedures to evaluate the safety performance of breakaway support systems. Actual 
full-scale vehicle crash testing may provide lower ΔVH values than those determined above. If full-
scale vehicle crash testing had been performed, some of these steel pole configurations may have 
demonstrated acceptable safety performance according to the NCHRP Report No. 350 guidelines. 
However, time and cost restraints did not allow for the use of full-scale vehicle crash testing 
according to test designation no. 3-61, and the high-speed extrapolation procedures were used. 
As a result, an upper bound was needed for the acceptable steel luminaire pole sizes that 
could be used with the breakaway brass couplings. Altering the luminaire pole and mast arm system 
to either a shorter or thinner gauge pole may satisfy the ΔVH limits of NCHRP Report No. 350 and 
provide an acceptable configuration. This philosophy was explored using the pendulum testing 
results with the extrapolation equation and is described in Chapter 19. 
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For the short, aluminum luminaire pole system used in test no. BBC-5, the ΔVH was 
calculated to be 7.61 ft/s (2.32 m/s), which was lower than the safety performance limit as well as 
the low-speed change in velocity (ΔVL) result of 10.24 ft/s (3.12 m/s). This finding was expected as 
breakaway systems weighing less than 400 lb (182 kg) have regularly been shown to produce a 
lower ΔVH than the ΔVL due to the higher impact energy in test designation no. 3-61 and the low 
rotational inertia for lighter systems. From test no. BBC-5, the low-speed change in velocity (ΔVL) 
and the extrapolated high-speed change in velocity (ΔVH) satisfied the safety performance criteria 
found in NCHRP Report No. 350 and the AASHTO Standard Specifications. As such, the 
breakaway brass couplings were deemed crashworthy when used in combination with a 30-ft (9.1-
m) nominal height, ¼-in. (6.4 mm) thick, aluminum luminaire pole system.  
For test no. BBC-7, the tall, heavy, aluminum luminaire pole system also showed favorable 
results as the ΔVH was calculated to be 13.36 ft/s (4.07 m/s). In this test, the low-speed change in 
velocity (ΔVL) and the extrapolated high-speed change in velocity (ΔVH) satisfied the safety 
performance criteria found in NCHRP Report No. 350 and the AASHTO Standard Specifications. 
As such, the breakaway brass couplings were deemed crashworthy when used in combination with a 
55-ft (16.8-m) nominal height, 755 lb (343 kg) aluminum luminaire pole system. 
In summary, the short aluminum luminaire pole system (test no. BBC-5) and the tall, heavy, 
aluminum luminaire pole system (test no. BBC-7) satisfied the safety requirements. Thus, other 
aluminum poles with heights, weights, and thicknesses ranging between those used in the as-tested 
luminaire pole systems would also be expected to satisfy the safety performance criteria provided in 
NCHRP Report No. 350. 
 
December 22, 2010  
MwRSF Report No. TRP-03-248-10 
137 
19 STEEL LUMINAIRE POLE ANALYSIS 
Equation 1 provides the primary extrapolation equation for determining the change in 
velocity for the high-speed test condition and can be described as a combination of two terms. The 
first term,  ௏ಽ
௏ಹ
ሺ∆ܯܸሻ௅, is comprised of the ratio of test impact speeds multiplied by the change in 
momentum during the low-speed test. The second term in Equation 1, ܾ ቀ ுܸ െ
௏ಽ
మ
௏ಹ
ቁ, is comprised of 
a factor relating impact speeds, which is multiplied by a geometric or inertial factor. Since the 
impact speeds for the low- and high-speed tests are targeted at 21.7 mph (35.0 km/h) and 62.1 mph 
(100.0 km/h), respectively, the first term contributes roughly one third of the low-speed momentum 
change to the extrapolated high-speed momentum change. As a result, the majority of the high-
speed momentum change is the result of the second term, or more specifically, the geometry and 
inertial properties of the system. Further, using poles of varying sizes and weights can greatly affect 
the change in momentum/velocity. In other words, a lighter system weight or a more optimum 
system configuration may result in a satisfactory change in momentum/velocity. Therefore, the 
extrapolation equation was used in combination with the geometrical properties of various steel 
luminaire poles to identify the upper bound for steel pole sizes that could be used with the 
breakaway brass couplings. 
19.1 Analysis Methodology and Procedure 
As discussed previously, the largest contribution to the change in momentum/velocity was a 
result of the system’s geometry and mass distribution, which comprises the ‘b’ variable in the 
second term of Equation 1. Therefore, each configuration required accurate calculations for the 
center of gravity (c.g.), the mass moment of inertia, the radius of gyration, and the resulting ‘b’ 
term. The system c.g. was calculated as an assembly of 4 individual components: (1) the pole; (2) 
the base plate; (3) the luminaire arm; and (4) the luminaire bulb assembly. Due to the taper 
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associated with luminaire poles, a 50-segment pole model was developed using the prescribed 
dimensions, and the pole c.g. was calculated using a lumped mass procedure. The luminaire arms 
remained mounted at a constant distance from the top of the pole, 6 in. (152 mm) as measured from 
test no. BBC-6, while the simulated luminaire bulb assembly was taken to be 5 ft (1.5 m) above the 
top of the pole. The base plate c.g. was always placed at ground level. Although the weight of the 
pole was calculated for each individual system, the mast arms, simulated luminaire bulb assembly, 
and base plate weights remained constant to the measured values taken from test no. BBC-6. 
The system mass moment of inertia was calculated using the same lumped mass model 
described previously and the calculated center of gravity for the system. Only the weight and 
vertical location of each component, or segment, was used in the mass moment of inertia 
calculations. The radius of gyration, R, was then calculated as the square root of the mass moment 
of inertia divided by the mass of the system. 
The low-speed change in momentum/velocity in Equation 1 was held constant and taken 
from the test no. BBC-6. Recall that this test involved a tall, heavy, steel pole with a large mass 
moment of inertia, or rotational resistance, where the calculated ΔVH exceeded the NCHRP Report 
No. 350 limit. Thus, the pole was deemed too large or massive for use with the breakaway brass 
couplings. Thus, the extrapolation analysis focused on the use of steel poles with either (1) same 
thickness but shorter or (2) thinner but taller. The alternative pole systems would have lower 
rotational inertia values and would be expected to produce lower ΔVL values if actually tested. 
Therefore, using the ΔVL value obtained in test no. BBC-6 was deemed to be a conservative 
approach. 
The remaining variables used in Equation 1 were held constant to the prescribed testing 
conditions. The impact height was set at 17½ in. (445 mm). The low- and high-speed velocities 
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were set to the low- and high-speed test velocities prescribed by NCHRP Report No. 350, VL,= 21.7 
mph (35.0 km/h) and VH,= 62.1 mph (100.0 km/h), respectively.  
The geometrical factors that affect the rotational inertia of the pole itself are the height, the 
thickness, and the shaft diameter. To reduce the number of steel shafts to be evaluated during this 
study, the base diameter was held constant at 10 in. (254 mm) and a constant taper of 0.14 in./ft was 
applied to all theoretical poles. Thus, only the shaft height and thickness were changed. Pole 
thicknesses ranged between 7 gauge (4.55 mm) and 11 gauge (3.03 mm). For each of the five 
thicknesses, the height of the shaft was altered until the maximum height which satisfied the ΔVH 
limit of 16.4 ft/s (5.0 m/s) was determined. 
19.2 Results 
The results of the maximum-size steel pole study are shown in Table 33. For a pole with a 7-
gauge (4.55-mm) wall thickness, the maximum shaft and nominal heights were found to be 36 ft 
(11.0 m) and 41 ft (12.5 m), respectively. The calculated maximum height pole is only 4 ft (1.2 m) 
shorter than the pole system utilized in test no. BBC-6. This minor deviation was expected, because 
the calculated high-speed change in velocity for that system, 16.85 ft/s (5.14 m/s), was just slightly 
over the NCHRP Report No. 350 limit. As the thickness of the shaft was reduced, the maximum 
allowable height increased by approximately 5 ft (1.5 m) per reduction in gauge thickness. It should 
be noted that the maximum nominal height of the system was capped at 60 ft (18.3 m). As a result 
and as shown in Table 33, the 11-gauge (3.03-mm) thick pole system only had a calculated ΔVH of 
15.22 ft/s (4.64 m/s), while the remainder of the pole systems had ΔVH values much closer to the 
16.4 ft/s (5.00 m/s) limit. 
This analysis held the pole base diameter and base plate weight constant. In reality, these 
values would be expected to increase with an increase in system height. The luminaire arms may 
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also have varying sizes and weights depending on the application. A change in these parameters in 
favor of larger dimensions or heavier weights would alter the mass distribution of the luminaire pole 
system, thus potentially leading to an increase in the calculated high-speed, longitudinal change in 
velocity (ΔVH). However, changes to these parameters in favor of smaller and/or lighter 
components would only reduce the rotational inertia and create a more favorable system. As a 
result, Table 33 should only be used as a general guide for selecting luminaire poles with a 
maximum base diameter of 10 in. (254 mm). Any pole with a greater base diameter would need to 
be individually analyzed using the high-speed extrapolation equation and either the methodologies 
described in Section 19.1 or another procedure to accurately calculate the system c.g. height and 
mass moment of inertia. 
Table 33. Maximum Size of Steel Pole Results 
Shaft 
Thickness 
Shaft 
Height 
Nominal 
Height 
System 
Mass 
System c.g. 
Height Do R ΔVH 
7 gauge 
(4.55 mm) 
36 ft 
(11.0 m) 
41 ft 
(12.5 m) 
872 lb 
(396 kg) 
23.8 ft 
(7.3 m) 
22.7 ft 
(6.9 m) 
14.4 ft 
(4.4 m) 
16.31 ft/s 
(4.97 m/s) 
8 gauge 
(4.18 mm) 
41 ft 
(12.5 m) 
46 ft 
(14.0 m) 
871 lb 
(395 kg) 
26.7 ft 
(8.1 m) 
25.6 ft 
(7.8 m) 
16.3 ft 
(5.0 m) 
16.39 ft/s 
(5.00 m/s) 
9 gauge 
(3.80 mm) 
46 ft 
(14.0 m) 
51 ft 
(15.5 m) 
856 lb 
(389 kg) 
29.6 ft 
(9.0 m) 
28.6 ft 
(8.7 m) 
18.3 ft 
(5.6 m) 
16.28 ft/s 
(4.96 m/s) 
10 gauge 
(3.42 mm) 
54 ft 
(16.5 m) 
59 ft 
(18.0 m) 
841 
(382 kg) 
34.1 ft 
(10.4 m) 
33.1 ft 
(10.1 m) 
21.6 ft 
(6.6 m) 
16.35 ft/s 
(4.98 m/s) 
11 gauge 
(3.03 mm) 
55 ft 
(16.8 m) 
60 ft 
(18.3 m) 
782 lb 
(355 kg) 
35.7 ft 
(10.9 m) 
34.7 ft 
(10.6 m) 
22.1 ft 
(6.7 m) 
15.22 ft/s 
(4.64 m/s) 
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20 SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 
The objective of this research project was to evaluate the safety performance of the 
ILDOT’s breakaway brass couplings used in combination with steel and aluminum luminaire poles. 
More specifically, the new brass couplings were evaluated in terms of their ability to breakaway 
when struck by an errant vehicle. The couplings were (1) fabricated from ASTM B16, free-cutting 
brass, (2) drilled and tapped for 1 in. – 8UNC threaded bars, and (3) had a circumferential notch cut 
around its outer surface to induce fracture. 
The evaluation process began with a physical impact testing program that was conducted at 
the Valmont/UNL-MwRSF pendulum testing facility. Initially, the brass couplings were configured 
with both a large, heavy luminaire pole as well as a smaller, lighter, and weaker aluminum 
luminaire pole. The large steel pole system was selected to determine the upper bound of acceptable 
luminaire poles as it provided a high rotational inertia and was believed to dissipate the most energy 
during the activation of the breakaway mechanism. The smaller pole was selected to determine the 
lower bound of acceptable luminaire poles and ensure that the brass couplings would fracture before 
the pole would bend, fracture, or crush. The pendulum mass was configured with crushable nose 
and used to test and evaluated the breakaway support systems at a speed of 22 mph (35 km/h) and in 
compliance with test designation no. 3-60 of NCHRP Report No. 350. 
In lieu of conducting the high-speed impact test also required by NCHRP Report No. 350, 
test designation no. 3-61, an analytical extrapolation procedure was used to conservatively predict 
the high-speed, longitudinal change in velocity. This analytical method was developed at ENSCO, 
INC. and has been approved by the FWHA. The extrapolation procedure uses the change in velocity 
from the low-speed impact test, the mass distribution of the luminaire pole system, and fundamental 
physics principles to extrapolate the vehicle’s longitudinal change in velocity for the high-speed 
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test. This extrapolation procedure was conducted on any system that satisfied the safety 
performance criteria for the low-speed test. 
During the Round 1 testing program, test nos. BBC-1 and BBC-2, the original brass 
couplings (Version 1) proved stronger than anticipated and resulted in changes in velocity that were 
higher than the maximum allowable limit. As a result, the brass couplings were redesigned. The 
Version 2 brass couplings did not include the internal nylon spacer inserts and utilized set screws to 
ensure the anchor bolts would not be threaded through the center notch region. In addition, the 
notch radius was decreased to create a higher stress concentration, and the notch depth was increase 
to reduce the cross-sectional area of the fracture surface. All of these changes were aimed at 
reducing the strength of the couplings and reducing the time to fracture. 
During the Round 2 testing program, test nos. BBC-3 through BBC-5, the Version 2 brass 
couplings were used to support the same two poles that were used in the Round 1 testing program. 
In test no. BBC-3, the brass couplings fractured, but the calculated low-speed, longitudinal change 
in velocity (ΔVL) was at the 16.4 ft/s (5.0 m/s) limit. As a result, the high-speed longitudinal change 
in velocity (ΔVH) was well over the limit when utilizing the high-speed extrapolation equation to 
evaluate the results for test designation no. 3-61. Similarly and for test no. BBC-4, the heavy steel 
pole was mounted on the previously-tested and FHWA-accepted TRANSPO Pole-Safe couplings. 
For this test, the low-speed change in velocity (ΔVL) was satisfactory, but the extrapolated, high-
speed, longitudinal change in velocity (ΔVH) exceeded the performance limit. Since the tall, heavy, 
steel pole resulted in high-speed test failures for both the brass coupling as well as the TRANSPO 
coupling, the tall, heavy steel pole was determined to be too massive to satisfy the ΔVH limit, and a 
different steel pole was selected for Round 3 testing program. 
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During test no. BBC-5, the brass couplings fractured through the center notch and allowed 
the aluminum luminaire pole system to rotate away from its initial ground attachment location. The 
measured ΔVL as well as the extrapolated ΔVH both satisfied the NCHRP Report No. 350 maximum 
allowable limit of 16.4 ft/s (5.0 m/s). The remaining coupling stub heights were all 1¾ in. (38 mm), 
satisfying the 4-in. (100-mm) limit. Therefore, the smaller aluminum pole system met the TL-3 
safety performance criteria found in NCHRP Report No. 350 and established a lower bound for the 
acceptable luminaire pole configuration for use with the breakaway brass couplings. 
Prior to conducting the Round 3 pendulum testing, the brass couplings were again 
redesigned. The Version 3 brass couplings had an extended upper segment, resulting in an overall 
height increase. All other coupling characteristics, including notch radius and depth, notch distance 
from the bottom, coupling width, and material, remained the same. The upper segment of the 
coupling was doubled in length in order to increase the bending stresses in the notch that resulted 
from the impact loads. Thus, the fracture strength of the coupling was reduced. The final 
dimensions for the breakaway brass couplings are shown in Figures 54 and 55. 
As stated previously, the heavy, steel pole utilized in the Rounds 1 and 2 testing programs 
was deemed too massive to satisfy the ΔV limits, especially for the high-speed test. As a result, a 
shorter, 45-ft (13.7-m) nominal height, steel luminaire pole was selected for use in the Round 3 
testing program. However, the ILDOT representatives desired to utilize the brass couplings with 
taller poles. The difference in density between steel and aluminum is significant. Thus, tall poles 
could be configured from aluminum versus steel and meet the impact safety standards due to a 
significantly lower rotational inertia for the same-size poles. Therefore, a 55-ft (16.8-m) nominal 
height, aluminum luminaire pole was also selected for testing and evaluation. 
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During test no. BBC-7, the breakaway brass couplings fractured and allowed the tall, 
aluminum luminaire pole system to rotate away from its initial ground attachment location. The 
remaining coupling stub heights were 1¾ in. (38 mm), satisfying the 4-in. (100-mm) limit. Both the 
measured ΔVL and the extrapolated ΔVH satisfied the NCHRP Report No. 350 maximum allowable 
limit of 16.4 ft/s (5.0 m/s). Therefore, aluminum luminaire poles of nominal heights ranging 
between 30 ft (9.1 m) and 55 ft (16.8 m), minimum wall thicknesses of ¼ in. (6.4 mm), and weights 
equal to or less than 755 lb (343 kg) should be acceptable for use with the breakaway brass 
couplings and meet the TL-3 impact safety standards. 
Although test no. BBC-5 was conducted with the smaller aluminum pole mounted to the 
Version 2 breakaway brass couplings, the low-speed change in velocity ΔVL and the extrapolated 
ΔVH were believed to be conservative estimates for the Version 3 breakaway brass couplings. The 
only difference between Version 2 and Version 3 couplings was the distance between the notch and 
top of the coupling as well as overall coupling height. As explained in Chapter 14, this change 
lowered its impact resistance and effectively shorted the time to fracture. Therefore, a similar test 
conducted on Version 3 breakaway brass couplings would result in lower ΔVL and ΔVH values. 
Subsequently, the Version 3 brass couplings were deemed to meet the TL-3 impact safety standards 
when utilized with a 30 ft (9.1 m) nominal height, aluminum luminaire pole system. 
For test no. BBC-6, the Version 3 brass couplings were used to support a 45-ft (13.7-m) 
nominal height, steel luminaire pole system. During the impact event, all four couplings fractured, 
thus leaving stub heights of 1¾ in. (38mm). In the test, the pole system rotated away from its initial 
attachment location. The measured ΔVL was 13.25 ft/s (4.04 m/s), which satisfied the NCHRP 
Report No. 350 maximum allowable limit of 16.4 ft/s (5.0 m/s). However, the extrapolated ΔVH 
was calculated to be 16.85 ft/s (5.14 m/s). As a result, the 45-ft (13.7-m) nominal height, steel 
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luminaire system did not meet the TL-3 safety performance criteria and was not approved for use 
with the breakaway brass couplings. 
To identify the largest steel luminaire poles that can be used in combination with the 
breakaway brass couplings, further analysis was undertaken using the high-speed extrapolation 
equation to predict the ΔVH for different size poles. Steel luminaire pole configurations with 
varying thickness and height were analyzed to determine the extrapolated high-speed, change in 
longitudinal velocity (ΔVH). These extrapolated values were compared to the maximum allowable 
limit of 16.4 ft/s (5.0 m/s) in order to determine whether specific poles were acceptable for use with 
the brass couplings. During this study, the luminaire arms, base plate, and pole base diameter were 
held constant to the dimensions and weights corresponding to those used in test no. BBC-6. Thus, 
only the shaft thickness and heights were altered. This analysis yielded the maximum shaft height 
for poles with a wall thickness ranging between 7 gauge (4.55 mm) and 11 gauge (3.03 mm). For a 
7-gauge (4.55-mm) wall thickness or the same thickness as used in test no. BBC-6, the maximum 
shaft height was determined to be 36 ft (11.0 m). The results from this analysis for all wall 
thicknesses are shown in Table 33. 
These steel pole results (as shown in Table 33) are valid for luminaire pole configurations 
using system parameters similar to those used in test no. BBC-6. Since the pole’s base diameter was 
held constant at 10 in. (254 mm) throughout the analysis, only pole shaft diameters equal to or less 
than 10 in. (254 mm) are applicable to the results shown in the noted table. Poles with larger 
diameters must to be analyzed independently using the proposed system’s mass distribution and the 
ΔVH extrapolation calculation presented in Chapter 19. Similarly, the mast arms were held constant 
throughout the analysis. Thus, luminaire pole systems utilizing mast arm configurations other than 
the truss type luminaire arms need to be analyzed on a case-by-case basis. 
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A summary of all of the applicable luminaire poles for use with the breakaway brass 
couplings (Version 3) is shown in Table 34. Since the maximum sizes for the steel luminaire pole 
systems were established using the high-speed extrapolation procedure assuming truss arms with a 
5-ft (1.5-m) rise height, this table applies only to truss arm configurations. Any desired steel 
luminaire pole system within 5 ft of the maximum nominal height must either utilize these truss 
arms, or a separate analysis must be conducted. 
Table 34. Applicable Luminaire Pole Systems for Use with the Brass Breakaway Couplings 
Pole Type Thickness 
Base 
Diameter 
Nominal 
Height 
System 
Weight 
Min. Max. Min. Max. Min. Max. 
Aluminum ≥ ¼ in. (≥ 6.4 mm) 
8 in. 
(203 mm) 
10 in. 
(254 mm) 
30 ft 
(9.1 m) 
55 ft 
(16.8 m) 
259 lb 
(118 kg) 
755 lb 
(343 kg) 
Steel 
7 gauge 
(4.55 mm) NA 
10 in. 
(254 mm) 
30 ft 
(9.1 m) 
41 ft 
(12.5 m) 
259 lb 
(118 kg) 
900 lb 
(409 kg) 
8 gauge 
(4.18 mm) NA 
10 in. 
(254 mm) 
30 ft 
(9.1 m) 
46 ft 
(14.0 m) 
259 lb 
(118 kg) 
900 lb 
(409 kg) 
9 gauge 
(3.80 mm) NA 
10 in. 
(254 mm) 
30 ft 
(9.1 m) 
51 ft 
(15.5 m) 
259 lb 
(118 kg) 
900 lb 
(409 kg) 
10 gauge 
(3.42 mm) NA 
10 in. 
(254 mm) 
30 ft 
(9.1 m) 
59 ft 
(18.0 m) 
259 lb 
(118 kg) 
900 lb 
(409 kg) 
11 gauge 
(3.03 mm) NA 
10 in. 
(254 mm) 
30 ft 
(9.1 m) 
60 ft 
(18.3 m) 
259 lb 
(118 kg) 
900 lb 
(409 kg) 
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Appendix A. Material Specifications 
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Figure A-1. Aluminum Honeycomb Element No. 1 Material Certification 
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Figure A-2. Aluminum Honeycomb Element No. 2 Material Certification 
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Figure A-3. Aluminum Honeycomb Element No. 3 Material Certification 
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Figure A-4. Aluminum Honeycomb Element Nos. 4 through 6 Material Certification 
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Figure A-5. Aluminum Honeycomb Element Nos. 7 through 9 Material Certification 
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Figure A-6. Aluminum Honeycomb Element No. 10 Material Certification 
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Figure A-7. Brass Coupling Material Certification, Test Nos. BBC-1 and BBC-2 
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Figure A-8. Brass Material Certification, Test Nos. BBC-3 and BBC-5 Through BBC- 7 
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Figure A-9. Threaded Rod For Brass Couplings Material Certification 
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Figure A-10. Steel Pole Material Certification, Test Nos. BBC-1, BBC-3, and BBC-4 
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Figure A-11. Steel Arms Material Certification, Test Nos. BBC-1, BBC-3, and BBC-4 
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Figure A-12. Steel Arm Simplex Material Certification, Test Nos. BBC-1, BBC-3, and BBC-4 
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Figure A-13. Steel Base Plate Material Certification, Test Nos. BBC-1, BBC-3, and BBC-4 
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Figure A-14. Steel Pole Simplex Material Certification, Test Nos. BBC-1, BBC-3, and BBC-4 
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Figure A-15. Aluminum Pole Material Certification, Test Nos. BBC-2 and BBC-5 
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Figure A-16. Steel Luminaire Material Certification, Test No. BBC-6 
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Figure A-17. Steel Pole Material Certification, Test No. BBC-6 
  
D
ecem
ber 22, 2010  
M
w
R
SF R
eport N
o. TR
P-03-248-10 
167
 
Figure A-18. Steel Pole Material Certification, Test No. BBC-6 
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Figure A-19. Steel Arms Material Certification, Test No. BBC-6 
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Figure A-20. Steel Arm Material Certification, Test No. BBC-6 
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Figure A-21. Steel Pole Simplex Material Certification, Test No. BBC-6 
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Figure A-22. Steel Arm Simplex Material Certification, Test No. BBC-6 
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Figure A-23. Steel Base Plate Material Certification, Test No. BBC-6 
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Figure A-24. Aluminum Pole Material Certification, Test No. BBC-7 
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Figure A-25. Aluminum Pole Material Certification, Test No. BBC-7 
December 22, 2010  
MwRSF Report No. TRP-03-248-10 
175 
 
Figure A-26. Aluminum Arms Material Certification, Test No. BBC-7 
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Appendix B. Accelerometer Data Plots, Test No. BBC-1 
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Figure B-1. Longitudinal Deceleration (DTS-BR39H), Test No. BBC-1
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Figure B-2. Longitudinal Change in Velocity (DTS-BR39H), Test No. BBC-1
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Figure B-3. Longitudinal Change in Displacement (DTS-BR39H), Test No. BBC-1
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Figure B-4. Longitudinal Deceleration (DTS-CM54H), Test No. BBC-1
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Figure B-5. Longitudinal Change in Velocity (DTS-CM54H), Test No. BBC-1
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Figure B-6. Longitudinal Change in Displacement (DTS-CM54H), Test No. BBC-1
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Figure B-7. Longitudinal Deceleration (EDR-3), Test No. BBC-1
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Figure B-8. Longitudinal Change in Velocity (EDR-3), Test No. BBC-1
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Figure B-9. Longitudinal Change in Displacement (EDR-3), Test No. BBC-1
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Appendix C. Accelerometer Data Plots, Test No. BBC-2 
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Figure C-1. Longitudinal Deceleration (DTS-BR39H), Test No. BBC-2
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Figure C-2. Longitudinal Change in Velocity (DTS-BR39H), Test No. BBC-2
  
189
D
ecem
ber 22, 2010  
M
w
R
SF R
eport N
o. TR
P-03-248-10
 
Figure C-3. Longitudinal Change in Displacement (DTS-BR39H), Test No. BBC-2
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Figure C-4. Longitudinal Deceleration (DTS-CM54H), Test No. BBC-2
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Figure C-5. Longitudinal Change in Velocity (DTS-CM54H), Test No. BBC-2
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Figure C-6. Longitudinal Change in Displacement (DTS-CM54H), Test No. BBC-2
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Figure C-7. Longitudinal Deceleration (EDR-3), Test No. BBC-2
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Figure C-8. Longitudinal Change in Velocity (EDR-3), Test No. BBC-2
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Figure C-9. Longitudinal Change in Displacement (EDR-3), Test No. BBC-2
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Appendix D. Accelerometer Data Plots, Test No. BBC-3 
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Figure D-1. Longitudinal Deceleration (DTS-BF57H), Test No. BBC-3
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Figure D-2. Longitudinal Change in Velocity (DTS-BF57H), Test No. BBC-3
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Figure D-3. Longitudinal Change in Displacement (DTS-BF57H), Test No. BBC-3
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Figure D-4. Longitudinal Deceleration (DTS-CM54H), Test No. BBC-3
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Figure D-5. Longitudinal Change in Velocity (DTS-CM54H), Test No. BBC-3
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Figure D-6. Longitudinal Change in Displacement (DTS-CM54H), Test No. BBC-3
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Figure D-7. Longitudinal Deceleration (EDR-3), Test No. BBC-3
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Figure D-8. Longitudinal Change in Velocity (EDR-3), Test No. BBC-3
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Figure D-9. Longitudinal Change in Displacement (EDR-3), Test No. BBC-3
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Appendix E. Accelerometer Data Plots, Test No. BBC-4 
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Figure E-1. Longitudinal Deceleration (DTS-BF57H), Test No. BBC-4
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Figure E-2. Longitudinal Change in Velocity (DTS-BF57H), Test No. BBC-4
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Figure E-3. Longitudinal Change in Displacement (DTS-BF57H), Test No. BBC-4
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Figure E-4. Longitudinal Deceleration (DTS-CM54H), Test No. BBC-4
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Figure E-5. Longitudinal Change in Velocity (DTS-CM54H), Test No. BBC-4
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Figure E-6. Longitudinal Change in Displacement (DTS-CM54H), Test No. BBC-4
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Figure E-7. Longitudinal Deceleration (EDR-3), Test No. BBC-4
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Figure E-8. Longitudinal Change in Velocity (EDR-3), Test No. BBC-4
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Figure E-9. Longitudinal Change in Displacement (EDR-3), Test No. BBC-4
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Appendix F. Accelerometer Data Plots, Test No. BBC-5 
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Figure F-1. Longitudinal Deceleration (DTS-BF57H), Test No. BBC-5
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Figure F-2. Longitudinal Change in Velocity (DTS-BF57H), Test No. BBC-5
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Figure F-3. Longitudinal Change in Displacement (DTS-BF57H), Test No. BBC-5
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Figure F-4. Longitudinal Deceleration (DTS-CM54H), Test No. BBC-5
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Figure F-5. Longitudinal Change in Velocity (DTS-CM54H), Test No. BBC-5
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Figure F-6. Longitudinal Change in Displacement (DTS-CM54H), Test No. BBC-5
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Figure F-7. Longitudinal Deceleration (EDR-3), Test No. BBC-5
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Figure F-8. Longitudinal Change in Velocity (EDR-3), Test No. BBC-5
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Figure F-9. Longitudinal Change in Displacement (EDR-3), Test No. BBC-5 
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Appendix G. Accelerometer Data Plots, Test No. BBC-6 
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Figure G-1. Longitudinal Deceleration (DTS-BF57H), Test No. BBC-6 
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Figure G-2. Longitudinal Change in Velocity (DTS-BF57H), Test No. BBC-6 
  
229
D
ecem
ber 22, 2010  
M
w
R
SF R
eport N
o. TR
P-03-248-10
 
Figure G-3. Longitudinal Change in Displacement (DTS-BF57H), Test No. BBC-6 
  
230
D
ecem
ber 22, 2010  
M
w
R
SF R
eport N
o. TR
P-03-248-10
 
Figure G-4. Longitudinal Deceleration (DTS-CM54H), Test No. BBC-6 
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Figure G-5. Longitudinal Change in Velocity (DTS-CM54H), Test No. BBC-6 
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Figure G-6. Longitudinal Change in Displacement (DTS-CM54H), Test No. BBC-6 
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Figure G-7. Longitudinal Deceleration (EDR-3), Test No. BBC-6 
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Figure G-8. Longitudinal Change in Velocity (EDR-3), Test No. BBC-6 
  
235
D
ecem
ber 22, 2010  
M
w
R
SF R
eport N
o. TR
P-03-248-10
 
Longitudinal Change in Displacement (EDR-3), Test No. BBC-6 
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Appendix H. Accelerometer Data Plots, Test No. BBC-7 
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Figure H-1. Longitudinal Deceleration (DTS-BF57H), Test No. BBC-7 
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Figure H-2. Longitudinal Change in Velocity (DTS-BF57H), Test No. BBC-7 
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Figure H-3. Longitudinal Change in Displacement (DTS-BF57H), Test No. BBC-7 
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Figure H-4. Longitudinal Deceleration (DTS-CM54H), Test No. BBC-7 
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Figure H-5. Longitudinal Change in Velocity (DTS-CM54H), Test No. BBC-7 
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Figure H-6. Longitudinal Change in Displacement (DTS-CM54H), Test No. BBC-7 
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Figure H-7. Longitudinal Deceleration (EDR-3), Test No. BBC-7 
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Figure H-8. Longitudinal Change in Velocity (EDR-3), Test No. BBC-7 
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Longitudinal Change in Displacement (EDR-3), Test No. BBC-7 
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